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Like any other metalworking processes, lubrication plays a crucial role in hot metal 
forming (e.g. hot rolling). An effective lubrication ensures high energy efficiency, low 
material loss and optimal product quality. The current study investigates potential 
lubrication properties of alkaline borates at elevated temperature by extensive experimental 
work. Advanced microscopy analysis allows insights into working mechanics of the 
lubricants at different scales which help addressing some fundamental questions arise from 
the past literatures. 
Tribological behaviors of sodium borate were thoroughly studied by pin-on-disc testing. 
With a transition point around 525oC, the material exhibits exceptional lubrication 
performance over the range of 600oC-800oC on sliding steel pair (GCr15/mild steel). This 
is demonstrated by remarkable reduction in friction coefficient and wear loss volume on 
both contact surfaces lubricated by sodium borate compared to the unlubricated case. For 
instance, under borate lubrication at 800oC, the friction coefficient drops by 58% while the 
wear loss is reduced by 95% and 80% on the disc and the ball, respectively. Detailed 
analysis revealed tribofilm formation on both contact surfaces. On the ball, a chemically-
complex film (~20nm thick) is observed lying on top of ultra-fined grains of iron oxides. 
Electron Energy Loss Spectroscopy (EELS) indicates a conversion between BO4 to BO3 
species in the boundary film which could be triggered by the shearing stress. On the 
lubricated mild-steel disc, the tribofilm has a dual-layered structure with a total thickness 
of 50nm: an upper layer rich in Boron (B) and the lower layer rich in Sodium (Na). The Na 






a load-supporting capacity through a self-polymerization mechanism. A static oxidation 
testing between the borate melt and oxide scale discloses the thermally-activated nature of 
Na adsorption on the iron oxide interface aided by the ionic characteristics of sodium 
borate melt at high temperature. The borate tribofilm generated on the disc is significantly 
depleted in Oxygen that in turn provides a considerable oxidation resistance. This is 
reflected by reduced thickness of the oxide scale lubricated by sodium borate, the reduction 
rate is approximately 50% compared to a freely-oxidized surface. Regarding microscopy 
strategy, High Angle Annular Dark Field (HAADF) imaging technique has shown to be a 
useful tool to observe B-containing tribofilm. 
The roles of Sodium in lubricating mechanics of borate lubricant were revealed by 
comparing lubrication behavior between two systems: sole B2O3 and binary oxides Na2O-
B2O3 on sliding steel pairs at 800
oC. The binary system outperforms the singular system in 
terms of friction and wear loss reduction, which explicitly underlines the critical presence 
of Na. Further analysis shows that the adsorption of Na on both contact surfaces is 
regarded as the foundation for the exceptional lubrication performance of sodium borate. 
While the addition of Na results in the ionic characteristic, B2O3 provides the polymeric 
nature which determines the viscous fluid behavior of the lubricant melt on the heated 
sliding surfaces. A clear correlation between the oxide microstructure and adsorption 
behavior of Na is established as the Na layer is thicker on oxide scale grown from a highly-
alloyed steel substrate. In addition, the role of oxide scale as a supporting medium for 






Sodium borate demonstrates an ability to eliminate adhesive wear/oxide transfer on 
sliding High Speed Steel tool surface. This is reflected by reduced thickness of the oxide 
scale compared to unlubricated case (~88% after 5mins and 80% after 15mins sliding test). 
The formation of borate tribofilm provides a consistent lubrication, effectively separates 
asperities contacts and suppresses the sticking tendency of adhesive wear. Prolonged 
exposure to borate lubrication however alters the oxidation sequence and results in 
Hematite-to-Magnetite transformation of the underlying oxide scale. Under borate 
lubrication, the resistance against oxide transfer is also evident in steel rolling contact. 
Although the passivated rolling module is not able to fully represent actual hot rolling, the 
contact pressure is set close to real process parameter (>500MPa) and the interactions 
between sodium borate melt and iron oxides are determined in details. After rolling in the 
presence of sodium borate melt, the oxide scale experiences a phase transformation as 
Magnetite becomes the most dominating type while Hematite is prevalent in unlubricated 
case. This transformation is suggested to facilitate the subsequent pickling process. 
A potassium borate was synthesized and evaluated on pin-on-disc testing at maximum 
temperature of 900oC. It displays a superior performance compared to sodium borate at 
900oC regarding friction and wear loss reduction. The lubrication failure of sodium borate 
at 900oC is mainly due to its low viscosity. Despite the difference in activity between two 
elements, the working mechanism of potassium borate appears similar to sodium borate. 
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CHAPTER 1:  
Introduction 
Hot metal forming accounts for the majority of production processes in steel 
manufacturing. These processes can benefit extensively from a fundamental understanding 
of the high-temperature tribology which can result in potential process improvements. 
From a microscopic perspective, the arduous working conditions result in complex 
functional layers at the interface that remain challenging to be fully resolved. In hot rolling 
of steel, the reheated steel sheet (body temperature of 850oC-1100oC) is rolled under heavy 
loading (<0.8GPa) and high rolling velocity (2-12m/s). The workroll experiences cyclic 
thermal condition (maximum temperature of 650oC) induced by heat transfer and cooling 
water. Besides classic concerns on friction and wear, surface oxidation, elemental diffusion 
and interface reactions between contacting bodies (e.g. surfaces, lubricants, atmosphere…) 
play undeniable roles in the tribological behaviors and therefore should deserve respective 
considerations.  
The use of lubrication to lower friction and minimize material wear losses has been 
recognized from the early stage of metallurgical age due to its great benefits. In hot metal 
forming processes, an appropriate lubricant can improve energy efficiency, secure 
finishing surface quality, and prolong work roll/die lifetime. Although only a number of 
lubricants can fulfill those criteria due to thermal constraint [1-4], it is still worth exploring 
the potential candidates and their working mechanism. 
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This dissertation focuses on the tribological characteristics of a family of inorganic 
alkaline borates at elevated temperatures, pressure and shear. Friction and wear behaviors 
of the alkaline borates are thoroughly studied on both sliding and rolling contacts of steel 
counterparts. In addition, the anti-oxidation capacity of lubricant is also among central 
subjects. The current work has a strong emphasis on the interface chemistry between the 
lubricant and oxidized steel since these interactions predominantly govern the lubricant 
macro-behaviors. Thermally-activated reactions, tribochemical reactions and the effects of 
oxide microstructures are revealed in details and elaborated regarding their effects on 
friction, wear and anti-oxidation characteristics. Furthermore, the fundamental roles of 
each constituent element in the lubricant composition are also explored.  
The dissertation starts with investigations on sodium borate, then a synthesized 
potassium borate is also evaluated at a different temperature range. The outcome in this 
work is originally applied for hot rolling of steel, but one could find it relevant for other 
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 High temperature tribology 
The term “high-temperature tribology” refers to science of interacting surfaces in 
relative motion at elevated temperature. This temperature is generally assigned to the body 
temperature of the tribo-component and it varies from one process to another. Such nature 
of contact can often be found in most hot metal forming processes such as metal sheet 
rolling, forging, stamping, drawing…Apart from conventional friction and wear aspects, 
the use of heat results in drastic changes in the bulk properties of the contact materials 
which in turn affect considerably their tribological behaviors. Microstructural evolution, 
thermal softening and thermal fatigue are among the critical factors on friction/wear 
characteristics. In addition, oxidation, heat transfer and elemental diffusion also deserve 
consideration as their roles on the contact surfaces should not be taken lightly. Figure 2-1 
illustrates the complex events that occur during a typical sliding contact at high 





Figure 2-1: Involved phenomena during tribological process at high 
temperature [5] 
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Although there has been a volume of work dedicated to tribological behaviors of solid 
lubricants at high temperature (300oC-1000oC) [1, 3, 4, 6], basic research on the actual 
lubrication mechanism remains quite limited at this extreme condition. In the presence of 
lubricant, the tribosystem becomes even more complicated when it has to take into account 
interface reactions between lubricant elements and sliding surfaces, atomic diffusion 
within the lubricant and cross-phase diffusion… Because of significant benefits of 
lubrication, there are always pressing needs to gain further understanding on this particular 
subject. As the current work revolves around steel processing, past literature on 
tribological behaviors of the material at high temperature will be summarized. 
 The roles of oxidation on the contact surface 
Oxidation can be regarded as the most influential factor on the contact surfaces since an 
oxidized surface has totally different mechanical/chemical properties in comparison to a 
pristine surface. At elevated temperature, steel experiences oxidation under open 
atmosphere which is manifested by a growing and protective oxide scale on the steel 
surface.  The microstructure and chemical composition of grown oxide scale varies with 
temperature, exposure time and reactivity of oxidizing atmosphere [7]. Oxidation of low 
alloy steels has been thoroughly studied in the past [7-10] and a simplified oxidation 
mechanism under Oxygen atmosphere was proposed in Figure 2-2 [11]. The formation of 
iron oxide is a result of complex events including the outward diffusion of Fe ions/electron 
holes, adsorption and diffusion of O molecules and reaction between the reagents. The 
structural hierarchy stems from complex redox reactions between migrating ions/molecules 
and the existing oxides layer. In the end, the oxide scale layer generally consists of an 
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innermost layer of FeO, a middle layer of Fe3O4 and an outermost layer of Fe2O3. The 
layered structure of oxide scale has been widely reported during the hot rolling of steel [12, 
13]. Since the oxide scale on the surface is exposed to the contact, their microstructure and 








B. Picque et. al. conducted both experimental and numerical studies to determine the 
mechanical behavior of iron oxide scale at high temperatures [14]. Using a Four-Point Hot 
Bending Tests, they revealed a close relationship between the hardness ratio of oxide 
scale/steel base and temperature (Figure 2-3). It is noted that Ex-LC refers to the low-
carbon steel specimen and the subsequent number refers to the strain rate. Embrittlement of 
oxide was found at high strain rate which is normally seen in hot strip rolling. Furthermore, 
the oxide scale becomes ductile above the critical temperature of 700oC although it is still 
strain rate-dependent. They also claimed that above this particular point, oxide scale can 
Figure 2-2: Oxidation mechanism of pure iron above 570oC [11] 
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demonstrate a high lubricity. Similarly, H. Echsler revealed a concrete dependence of 
oxide flow stress on temperature and strain rate at 800oC-1000oC on mild steel [15]. The 
decreasing flow stress could mean less frictional resistance of the oxide scale under 
shearing at higher temperature. After conducting a large number of hot rolling 
experiments, Utsunomiya et al. on the other hand assigned 850oC as the transition point 
between brittle-ductile characteristics of the oxide scale [16]. By comparing different 
studies, Krzyzanowski et al. [17] detailed plastic behavior variation of the oxide scale with 
rolling temperature and reduction, as shown in Figure 2-4. It is conclusive that the 
mechanical properties of oxide scale changes significant with temperature and process 






Scale thickness also affects friction/wear behaviors in a certain manner. Luong et al. 
found that thicker oxide scale induces lower friction coefficient in a simulated forging test 
[18], although they also observed scale pick-up on the die surface which is perceived 
detrimental. Likewise, a thicker oxide scale reportedly led to a lower friction coefficient in 
the hot rolling steel [19].  However, Utsunomiya claimed that a thin and uniform oxide 
Figure 2-3: Hardness ratio between oxide scale and steel substrate as a 
function of temperature and strain rate by 4 point bending test [14] 
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scale (critical thickness is a function of temperature) is preferred since it created a defect-
free rolled surface [16], although there was no statement regarding frictional behaviors. 
During the hot rolling of steel, the same author observed an increase in relative sliding 
when the oxide scale thickens which subsequently results in ductile-to-brittle transition of 
the oxide scale at 1000oC-1100oC [20]. As FeO generally takes up the largest proportion in 
the oxide scale (FeO thickness is 90-95% of total oxide thickness at 800-1000oC [8, 10]), it 
has received much attention regarding its intrinsic lubricity. A number of researcher 
indicated that the hot ductility of FeO has a major contribution to the global brittle-to-
ductile transition of the oxide scale which leads to a defect-free rolled surface [16, 21]. 
However, others found negligible influence of FeO in the friction behavior [18]. In short, 









Figure 2-4: Plastic behavior of oxide scale as a 
function of temperature and reduction in hot rolling [17] 
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Frictional behaviors of oxide scale were investigated in numerous laboratory tribology 
tests. Interrupted testing in combination with monitoring friction coefficient curve can 
provide indications about the roles of oxide scale. By using a pin-on-disc configuration, 
Vergne et al. found a firm correlation between the sliding friction coefficient and the 
formation of the oxide transfer layer on the pin surface [22, 23]. A typical friction 
coefficient curve between cast iron pin and AISI 1018 disc at 950oC is given in Figure 2-5. 
During the running-in period, there are three stages with distinct frictional behavior. The 
friction drop in the 2nd stage arises from the attrition act of the outgrown oxide scale while 
the adhesion and wear particles aggregation is believed to trigger the subsequent jump in 
friction (Stage 3). Zhu et al. revealed a similar pattern by testing mild-carbon steel disc 
against a High Speed Steel pin [24]. However, they claimed that the spallation of 







There are other microstructural factors that can exert certain impact on the friction and 
wear behaviors of oxidized steel surface. H. Kato explored critical roles of particles 
Figure 2-5: Friction coefficient evolution of steel pair at 950oC 
by pin-on-disc testing [22] 
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dimension on the wear rate on sliding pair of carbon steel (~0.45% wt. of C). A clear 
transition from severe to mild wear regime is observed when the contact is supplied with 
Fe/Fe2O3 particles with a diameter less than 0.5µm [25]. On the contact surface, the 
formation of a protective oxide scale is considered as the origin for such favorable wear 
transition. It is also evident that the tribo-oxide layer could also lose its efficiency at higher 
load [26]. Although the above studies were conducted at room temperature, their 
implications can be translated for a high-temperature contact since the oxide scale grows in 
different grain size depending on temperature, steel grade and oxidizing atmosphere [7].  
Alloying elements indirectly affects the tribological behaviors of parent steel by their 
participation in the oxidation reaction. In brief, those active elements (Al, Si, Cr…) 
preferably react with oxygen to form an interlayer on scale/base metal interface [7, 11]. 
This highly-adherent layer improves significantly the scale adhesion with the base metal 
which reduces the detachment tendency of the oxide scale upon contact. Figure 2-6 







Figure 2-6: Schematic of diffusion-controlled growth of 
multi-layered scales on alloyed steel at high temperature [11] 
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In lubrication research at room/moderate temperature, the surface chemistry plays a 
very crucial role. It determines the reactivity towards lubricant elements/additives which is 
regarded as the central part in the formation of the so-called tribofilm. At high temperature, 
this aspect is often overlooked due to the limited amount of research related to lubrication.  
 Lubrication at high-temperature processing 
Lubricant is introduced to separate the contact surfaces physically and reduce friction 
and wear. Frictional force generated upon contact is a function of complex parameters 
η.ν/P in which η is the lubricant viscosity, ν is the relative velocity while P is the applied 
pressure. A Stribeck curve is given in Figure 2-7 as a visual illustration of the relationship 
[27]. There are three different lubrication regimes with different frictional behavior. They 
can be distinguished by the difference of the curve shape (Figure 2-7), or they can be 
classified by the film thickness-to-composite roughness ratio, namely λ. Hydrodynamic 
lubrication is present when λ>3 and the friction is dominated by the bulk rheological 
properties of the lubricant film (some identified λ~4 as the upper threshold [27]). In other 
words, the two contact surfaces are completely separated by the lubricant film in this 
regime. Mixed lubrication is obtained when 1<λ<3 while the bearing actions of the normal 
load are supported by both lubricant film and asperities contact. If λ<1, direct asperities 
contacts are predominant. In this case, the friction coefficient is less dependent on the bulk 
rheological attributes of the lubricant while the adsorbed films on the contact surfaces 
become much more influential.  
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The Stribeck curve was originally derived for journal bearings at room temperature 
[27], however it can also have some significance for high-temperature tribology. In the hot 
rolling of steel, there is often a combination of lubrication regimes due to the non-
conformity of contact surfaces. Figure 2-8 shows a cross-section of a roll bite in which 
combined lubrication regimes can certainly exist [2]. The entry zone is often filled with a 
relatively thick lubricant (hydrodynamic lubrication) while mixed/boundary lubrication are 
likely found in the middle of the roll bite. As the strip temperature is very high (850-
1150oC), lubricant film experiences a certain degree of thermal decomposition/transition or 
boiling upon contact with the strip surface. Thermally-activated reactions, adsorption and 
diffusion will be accelerated under this extreme condition. Shearing actions on these 
particular complex layers of material become complicated and often difficult to elucidate 
fully.  
 
Figure 2-7: A typical plot of Stribeck curve [27] 
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 Oil-based lubricants 
From 1960s, oil-based lubricants have been used worldwide in hot rolling of steel to 
reduce rolling load and increase work roll lifespan. Their performance has been 
demonstrated through a large number of research work. In general, an oil-in-water 
emulsion is used since it is more cost-efficiency and delivers cooling effect on the roll. By 
conducting hot rolling of AISI 1018 steel at 850oC lubricated by water, neat oil and oil-in-
water (1:1000) emulsion, Shirizly et al. found that the use of either neat lubricant or 
emulsion reduces the mill load significantly  [28, 29].  At low reductions (<30%), the use 
of lubricant or emulsion decreased the roll force from 15% to 50%. In addition, they also 
revealed insulating capacity of the lubricant, although it appeared difficult to define the 
exact optimal oil-to-water ratio. Imae et al. surveyed the effects of emulsion concentration 
on the rolling load reduction in laboratory rolling test of carbon steel (with a reduction of 
Figure 2-8: Coexistence of multiple lubrication regimes at the role bite during 
hot rolling of steel [2] 
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50% and a rolling speed of 100m/min). They found that a higher emulsion concentration 
leads to more reduction in the rolling force [30]. Azushima et al. carried out an in-depth 
study on the lubricity of a wide range of natural and synthetic oil on sliding-rolling tribo-
simulator at 800oC while effects of additives/lamellar solid materials (graphite, MoS2, 
mica) were also investigated [31, 32]. They found an optimal concentration for most 
lubricants to be 1% regardless of lubricant composition, at which the rolling friction 
remains relatively low (~0.15). The same authors later proposed two lubrication 
mechanisms for the optimal oil/water ratio, one above the optimal ratio and one below it. 
The effects of oil additives on the lubrication performance were rarely reported in hot 
rolling of steel. Nevertheless, some suggested a strong dependence of lubricity on the 
operating temperature (up to 500oC), as shown in Figure 2-9 [33]. Despite showing 
significant benefits, the thermal decomposition of oil-based lubricants at high temperature 







Figure 2-9: Working temperature range of additive 
elements [33] 
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 Solid and other lubricants 
Apart from dissolvable additives, solid materials have been often formulated in 
lubricant composition for enhanced performance. Two-dimensional materials gain wide 
recognition due to their superb lubricity which stems from their low shearing strength. 
Graphite has been considered the most popular that is stilled used in hot metal forming 
processes (up to 500oC) [34, 35], although lately it becomes more restricted due to 
environmental concerns [33, 34].  Other candidates can have similar lubrication potential 
such as transition metal dichalcogenides (WS2, MoS2), hexagonal Boron Nitride (hBN), 
mica and talc [35, 36]. In general, the 2D materials are dispersed into an aqueous/water-
based form to facilitate their application. A. Petrov at el. [37] used ring-compression tests 
to evaluate the properties of several water-based colloidal lubricants containing either 
graphite or MoS2. They found that friction coefficient is reduced and die life is 
significantly increased (by 10%) in the presence of graphite-based lubricant compared to 
the base lubricant. G. Ngaile [38] investigated the lubrication mechanism in warm forging 
of aluminum by using two variants of BN-silicone lubricants. While the siloxane is 
believed to provide hydrostatic/hydrodynamic lubrication, BN acted as a barrier film that 
reduced friction at 260oC. The lubrication mechanism drastically changes at 370oC where 
the depolymerization of siloxanes lead to the formation of SiO2, this eventually combined 
with BN provide a low shear strength layer. However, most 2D materials lose their 
intrinsic lubricity above 500oC due to thermal degradation, particularly under air 
atmosphere. For instance, graphite is prone to burn at 450oC while MoS2 decomposes to 
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Lubricious and easily-shearable metal oxides/fluorides are also considered a good 
alternative, although their applications are limited to coated surfaces [36]. Single oxides of 
Re2O7, PbO, B2O3, AgO are among the most widely used while binary system (a 
combination of two oxides) can stretch the operational range wider. Sliney [40] explored 
the lubricity of several rare earth oxides and fluorides in different environments up to 
1000oC. By testing an Inconel 600 pin against Inconel 750 surface at a sliding velocity of 
0.03m/s and a 2kg force, most tested oxides exhibit good lubricity compared to 
unlubricated case, although La2O3 and CeO2 were found to provide much better wear 
Figure 2-10: Friction coefficient curves and wear loss volume from 
sliding test on rare earth oxides-bonded surface [40] 
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resistance (Figure 2-10). In addition, the lubricating oxides perform much better in air 






Calcium carbonate submicron-particles were reportedly studied as a lubricant additives 
in hot rolling oil [41]. Naoshi et al. conducted hot rolling of stainless steel (SS440 and 
SUS444) at 900oC-1000oC with a rolling speed of 0.24m/s, they found that increase in 
Calcium carbonate content results in a significant drop in the rolling force (shown in 
Figure 2-11). The effect of CaCO3 particles size was also investigated by testing two 
lubricants: a semi-fluid type (ST) with a particle size of 1µm and a fluid type (FT) with a 
particle size of 15nm. It was found that micron-scale particles outperform nano-scale 
particles in term of rolling force reduction and anti-seizure performance (Figure 2-11). 
Likewise, TiO2 nanoparticles demonstrated a good lubricity properties in laboratory hot 
rolling of steel, significantly reduced rolling load and produced a better surface finish [42-
44]. N. Ikeda proposed a concept of using high molecular compounds and bonding agents 
to create an in-situ pseudo lubricant film which can provide an effective lubrication. The 
compound is extremely viscous when water evaporates [45]. Figure 2-12 shows the 
working principle of the high molecular lubricant in hot forging [34].  Likewise, Dubois et 
Figure 2-11: Rolling force/reduction rate from hot rolling of stainless steel 
lubricated by CaCO3-added oil and the size effect on anti-seizure performance [41] 
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al. [46] tested a range of “white lubricants” which basically contains water soluble high-
molecular weight polymers and other additives on Warm and Hot Upsetting-Sliding tests 
to simulate forging contact (maximum contact pressure of 400MPa). They found that the 
use of “white lubricants” lead to a friction coefficient similar to graphite-based lubricant, 







 Melt lubricant 
It has been demonstrated that temperature plays a great role in determining the working 
range of any type of lubricant. This arises from the thermal stability of each class which 
closely depends on the molecular structure and reactivity with atmosphere. Figure 2-13 
summarizes the working temperature range of typical lubricant classes from sub-zero 
degree to over 1000oC [47]. At the extreme end, only the viscous products that can 
function effectively are alkali phosphates and glasses. These materials gain lubricity when 
they transition into viscous melt above their melting point. One of the most remarkable 
Figure 2-12: Proposed working mechanism of high polymer 
compound in hot forging [34] 
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features of glass-based lubricant is the ability to tune the working range by manipulating 








In general, a typical glass lubricant is formulated by three major constituents and other 
minor components as shown in Figure 2-14. The major composition includes alkaline (or 
alkaline earth) oxides, glass-forming compounds (poly-oxides) and multi-valent metals 
(Fe, Zn, Mo…). In addition, minor components such as modifiers, binders or coupling 
agents are often found to improve the overall performance. According to Schey [47], glass-
forming compounds are regarded as the building block of glass melt with P2O5, B2O3 and 
SiO2 being the representatives. With a high molecular connectivity, they provide polymeric 
natures and high melting point for glasses. The inclusion of alkaline (alkaline earth) 
elements enables active adjustment to both the melting point and viscosity while multi-
valent elements are meant to increase the cross-linking which enhances mechanical 
Figure 2-13: Working temperature range of different lubricant classes 
in air atmosphere [47] 
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attributes of the glass. Despite the great potentials of these lubricants, past research on melt 





 Brief review 
Roger investigated the lubricity of a series of glass in hot extrusion and claimed 
beneficial effects associated with the softening lubricants [48]. Kaplakjian summarized 
widely accepted glasses of silicate and borate family with varying composition and 
corresponding extrusion temperature [49]. By studying the effects of a series of soda lime 
and borosilicate glass on the hot extrusion of stainless steel at 1000-1200oC, Gupta found 
that only a subtle change in the glass composition can affect its flowability despite having 
the same melting point [50]. Kovalev [51, 52] proposed a variety of glass composition 
(predominantly sodium silicate) which can deliver an effective lubrication and desired 
oxidation resistance in hot forging and stamping while some of them can be applied by 
means of water-suspension. A complex glass (including borax, binder and other additives) 
was reportedly used in plastic forging of Ti-alloy at 1050oC and demonstrates remarkable 
protective effects [53]. Li et al. [54] revealed a firm dependence of friction coefficient on 
temperature and strain rate by means of ring compression test lubricated by a glass with a 
Figure 2-14: Typical composition of glass lubricant 
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softening point of 740oC. They found that the friction coefficient reduces with temperature 
while it remains insensitive to strain rate at temperature below 950oC. During the hot 
extrusion of a stainless steel tube, glass lubrication is found to be in hydrodynamic 
condition which is manifested by a close relationship between the friction coefficient and 






Besides publications and technical notes, the use of glass melts in hot metal forming 
processes have been widely mentioned in patents. Table 2-1 summaries a number of past 
patents that investigated glass lubrication for a wide range of applications with details 
related to chemical composition. The roles of each component were occasionally 
discussed, although the statements were hardly backed with evidence. Likewise, friction 
and wear reduction resulted by the glass lubricants were sometimes mentioned, but mostly 




Figure 2-15: Glass composition and dependence of friction coefficient on 
glass viscosity at 1373K [55] 
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Compositions Tribotest types Applications Notes 
Dispersive 
medium 
US3186945  ~1000   
Multicomponents lubricant: Alkali 
oxides/phosphate + divalent metal phosphate 
and borate  
  
Forming austenitic 
steel tubes, metal 
rolling 
Alkaline cations: make polyphosphate 






Preferable composition: 50-90% alkali metal 
phosphate, 10-50% alkali borate and balance 
potassium phosphate 
      
      
Viscosity of 10% solution: 8-10 cP at 50oC                                                                                                                                                                                                                                                                                                                                                                
Preferable  
      
WO 92/01050  899-1149   
Composition: glass powder, binder, rheological 
agent, weetting and viscosity modifie. Glass frit 
viscosity 102 ~ 104 P at 900~1150C, softening 
point 650C with particle size 150micron~ 
0.5mm (Al2O3 + PbO + MgO +CaO +Na2O 
+SiO2). Rheological agents: BN, Ni,Cr2O3 
·           
Forging operation, 
titanium alloy at 
950C-1000C, 
aerospace engines 
Glass powder: principle lubricant. 
Binder: improve surface adhesion. 
Rheological  agents: control liquid flow 
of glass lubricant, supports the load 
and prevent asperities contact. 
Water 
EP2014747A1  ~1200   
Glass frits composition: first glass frit (SiO2, 
Al2O3, CaO and optional MgO, ZnO, K2O), 
second glass frit, dispersion-suspension agent, 
other components. Glass frits are different in 
softening temperatures 
Actual production 
line of seamless 




Each glass frit has corresponding 
softening point to maintain desired 
viscosity and adherence 
Clay 
US2010029818 700-1300   
Glass frits composition: calcium phosphate, 
fatty acid or fatty acid salt, boric acid and 
akaline metal phosphates with mean grain size 
<150 micron 
Actual production 
line of seamless 




Calcium phosphate: suitable trickle flow 
at high temp Fatty acid: lump formation 
inhibitor. Boric acid: improves uniform 
distribution and reduces scaling. Alkali 
phosphate: contribute to scale 




JPH1192169 1000-1300   
Lubricant composition: SiO2, Al2O3, B2O3, 
alkaline earth metal oxides, alkali metal oxides, 
P2O5 
  Hot extrusion 
SiO2: glass skeleton. Al2O3: prevent 
characteristic change due to phase 
separation. B2O3: melt generated scale 
on surface. Metal oxides: achieve 
vitrification.P2O5: lower viscosity 
Not 
mentioned 
US8846152B2  600-1300   
Glass frits composition: high melting point (m.p) 
frit (SiO2, Al2O3, CaO and optional MgO, ZnO, 




Anti-scaling in metal 
production 
Each glass frit has corresponding 
softening point to maintain desired 




~900   
Composition: BaF2/CaF2 eutectic was plasma 
sprayed to form self-lubricating mechanism                       
 Tested on pin-on-
disk tribometer in 
air, H2 and He 
Glass forming, metal 
working, rotary 
engines, bearings. 
    
NASA TND7556  ~900 5000psi 
Composition: (1) Nichrome-glass, (2) 
Nichrome-glass-CaF2 associated with plasma 
sprayed coating 
 Tested on pin-on-
disk tribometer in 
air, bearing test 
Aerospace 
applications 
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EP0611817A1  700-1100 
50kg/m
m2 
Composition: graphite with preferable size of 
0.5~30 micron, selected metal oxides 
(TiO2,PbO, ZnO, CaO,Al2O3) with particle size 
of 0.01~20micron 
COF test and 
carburizing test 
Hot plastic working     
JPH07118687 1100-1200   
Composition: graphite, water soluble polymer of 
iron oxide with 10um, glass powder with 





Seamless steel pipe 
and alloy steel 
manufacturing 
  Water 
JPH11166188 1000 200g/m2 
Composition: alkaline earth metal borate (Ca, 
Ba, Mg, Na salt) with preferable particle size of 
2-20um or more preferably 5-15um. 




Composition: metal oxide powder with 
preferable particle size of 20-60um. Sodium 
silicate 
Rotating cylinder     Water 
US8082767 1000-1300   
Composition: combination of lamellar silicate, 
sodium borate, alkali carbonate 
5 stand full 
retractable 
mandrell mill 
Seamless steel pipe 
manufacturing 
  Water 
US5691282 800-1300   
Composition: Glass powder, glass frit, graphite, 
alkali metal silicate, water soluble Na 
polyphosphate, water in-soluble Na 
polyphosphate, thickener: polysaccharide, 
borax. Preferred viscosity at 25oC: 1000-
7000MPa.s 
Adhesive ability, 




Hot metal forming 
Glass powder: chief component for 
lubricity (preferred size<100um), glass 
frit: maintain film-forming property 
(<100um), graphite (<100um): excellent 
lubricity, alkali silicate: binder, Na 
metaphosphate: avoid foam forming, 
thickener: maintain viscosity and 
lubricant dispersion, borax: coupling 
agent 
Water 
US 3254401 ~1370   
Composition: Outer harder glass with >94% 
SiO2, inner softer glass: SiO2-Na2O-K2O-CaO-
MgO-Al2O3 




As inner softer glass fuses forming 
protective layer overlying metal surface, 
outer glass cloth held inner glass from 
flowing away. As outer harder glass 
fuses and dissolves into first glass, 
viscosity increase and reduce flowing-
out tendency 
Water 
US 4228670 ~1000   
Composition: SiO2, Na2O, CaO, predominant 
B2O3, Al2O3 with preferred diameter of less than 
1um 
Spraying onto 
metal surface at 4-
5 bar pressure 
Forging, pressing     
US 4402838 >1000   





  Water 
US 5242506 >1000   
Composition: glass powder with preferred size 
>30um (Al2O3, PbO, MgO, CaO, Na2O, SiO2), 





Glass powder: provide principle 
lubricity, binder: forming mechanical 
bond with surface, rheological agent: 





US 3293894 1500-2200F   Composition: SiO2, B2O3, Na2O   Tube drawing     
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US 4096076 ~1800F   
Composition: BN, glass frits (B2O3, SiO2, CoO), 
binder 
  Forging 
BN: provide lubricity, Glass frit: protect 
BN and form low shear film, CoO: 




US 3357220 ~1800F   
Composition: SiO2, B2O3, Na2O, Al2O3, K2O. 
Ground to fine powder 
Oxidation test at 
1800F 
Oxidation protection     
US 4358544 800-1000   
Composition: SiO2, B2O3, Na2O, CaO, Al2O3 
with average size of 20-30um, desired viscosity 
of 104P at working temperature 
      
acrylic acid, 
xylene 
US 8863564 700-1200   
Composition: 2 glass frits with different content 
of SiO2, B2O3, K2O, CaO, Al2O3 and desired 
viscosity of 103-106P at 700-1200oC, friction 
controlling agent and others 
Rolling test Hot rolling process 
Each glass frit has corresponding 
softening point to maintain desired 









GB 1359430 ~1100   
Composition: P2O5, B2O3, Na2O, K2O, Al2O3 
and other optional metal oxides 










Composition: (1) P2O5, B2O3, Na2O, K2O. (2) 
Synthetic or natural silica with layered structure 
suspended in water 
  Forging, extrusion   Water 
US 5983689 850-1000   
Composition: alkali silicate, silane coupling, 
alkali compound (carbonate, borate, hydroxide, 
salt), possibly iron oxide 
  Seamless steel pipe   Water 
US3248234 ~1000C   Composition: P2O5, Al2O3, alkali oxides   alloy drawing 
alkali oxides: change fusibility, 
tendency toward devitrification, B2O3: 
increase chemical stability 
  
US 8863564 1200-1300   
Composition: first glass frits, second glass frits 
containing SiO2, Al2O3, CaO, optionally MgO, 
ZnO, K2O 
  Hot metal working 
1. Glass frits with different softening 
point to provide adaptive viscosity 2. 
first glass frit viscosity 103-106 dPas at 
1200oC, second glass frit viscosity 103-
106 dPas at 700oC 3. Using controlling 
agents 4. Can be either used as solid 











US 6177386 1100-1300   
Composition: graphite, phosphate mixture, 
bentonite, sodium silicate, silico-phosphate 
  Hot metal working     
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US 5437802 800-1200   
Composition: (A) solid powder of condensed 
phosphoric acid salt: KPO3, NaPO3, K4P2O7, 
sodium silicate, chromic acid salt, halides.(B) 
inorganic powder: BN, Si3N4, amorphous 
carbon, K3PO4, Ca3(PO4)2, bentonite, SiO2, 
ZnO. 
  Hot rolling process 
heat insulating agent (A) with excellent 
heat conductivity 
  
US 4052323 >900   
Composition:(1) graphite, alkylene 
homopolymer or copolymer, dispersive agent 
(2) graphite, alkylene homopolymer or 
copolymer, auxiliary suspension agent, film 
stabilizer 
      Water 
US 3390079 >900   Composition:B2O3, SiO2, Na2O, CaO, Al2O3   Hot extrusion  
Desired viscosity 102-103 poise at 
working temperature 
Water 
US 3379642 ~1000   
Composition: melamine phosphates, possibly 
graphite, MoS2, BN 
   Hot extrusion 
Desired viscosity 102-103 poise at 
working temperature 
Water 
JPH 10121088 800-1200   
Composition: oxide-based layered materials 
(white mica, kaolin, pyrophyllite), binder (B2O3 
and Boron derivaties), metal hydroxide (Ti, Mg, 
Si, Al…) 
  Mannesmann stage 
Oxide-based layered materials: provide 
lubricity at high temperature, binder: 
provide uniform dispersibility of 
lubricating agents, metal hydroxide: 
avoid carburization 
Water 
US 3368970  1000   
Composition: condense phosphate (pyro/poly), 
alkali metal oxides, ferric oxide, Al2O3 
  
 Extrusion of 
seamless steel 
tubes 
Silicate results in high degree of wear 
and tear of the work tool. Using 
combination of Fe2O3 and (KPO3)n 
reduces wear, friction and increases 
lifespan of the work tool 
Water 
US 3179524 1000   Composition: alkali metal polymetaphosphate       Water 
JP-A-7-303915  1100-1200   
Composition: CaO(10-25%), Al2O3(3-
10%),K2O(10-30%), balanced SiO2 
  Hot extrusion 
CaO: reduces viscosity, Al2O3: 
imparting agent, K2O,Na2O: viscosity 
adjustment 
  
JP2011-121095 1080-1170    Composition: SiO2-Al2O3-B2O3-CaO 
 
Hot extrusion     
JP 2015-071521  1100-1250   
Composition: SiO2:47.2-64.8%, B2O3:4.2-11%, 
Al2O3:8.0-17.6%, MgO: 1.6-3.5%. Sum of Na2O 
& K2O: 11.0-17% 
  Hot extrusion 
B2O3 dissolve scale, SiO2 may dissolve 
but not sufficiently than B2O3 
  
JP 2010-234375 1000-1250    Composition: <20% B2O3, Na2O, K2O, SiO2   Hot extrusion 
Iron oxide melts into the glass, the 
oxidation of steel surface by glass 
increases lubricant adhesion  
  
JP 2010-227997  1000-1250   
Composition: 12-30% alkali oxides, total 
Al2O3,CaO, MgO:20-40%,<25% B2O3, balanced 
SiO2 
  Hot extrusion 
Alkali metal oxides are responsible for 
lubricant adhesion. Al2O3, CaO, MgO 
exhibit reducing behavior. Na2O has 
more oxidizing capacity than K2O  
  
JP 2003-113387 800-900   
Composition: glass lubricant with 150-200 
mesh size particles. 
  Hot extrusion Application viscosity: 300-100Pas   
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JP 11-092169  1000-1250   
Composition: 35-60% SiO2, 10-20% Al2O3, 12-
20% B2O3, 15-25% alkali earth metal oxides, < 
5% alkali metal oxide, <5% P2O5 
  Hot extrusion     
JP 07-303915  ~1000C   
Composition: 10-25% CaO,3-10% Al2O3, 10-
30% K2O, balanced SiO2 
  Hot extrusion 
Alkaline metal oxides are viscosity 
modifiers 
  
JP 07-223019  ~1000-1200   
Composition: CaO:2-6%, B2O3:18-22%, 
Na2O:14-18%, TiO2:8-12%, balanced SiO2 
  Hot extrusion 
 ZnO imparts chemical durability, TiO2 
improves wettability, Na2O modifies 
viscosity. 10% reduction of extrusion 




500-800   Composition: Na2O-Li2O-P2O5-B2O3   Hot extrusion      
JP 03-100096  ~1000   
Composition: 100pts wt. Cr2O3, 2-10pts wt. 
SiO2, mixed with water glass. 
  Hot rolling     
JP 03-291325  ~1000   Composition: Al2O3, SiO2, ZrO2   Hot rolling     




Composition: 80-90% Fe2O3 (<100um), glass 
powder 
  Hot working     
JP 2014-028395  1200   
Composition: Iron oxides, glass, borax, acid 
boric. 
  Hot rolling      
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Oxidation-resistant capacity is also a valuable characteristic of glass-based lubricants. 
High-temperature oxidation results in the formation of oxide scale which can be considered 
as material losses and cause many other concerns. For example, about 30% of the yield 
loss stems from oxide scale-related defects according to the Iron and Steel Institute of 
Japan [56]. Glass-based coatings have been widely used to enhance corrosion resistance of 
various alloys at elevated temperatures [57-67]. In hot rolling mill, Riaz et al. [68] 
proposed a management strategy to suppress oxide scale during re-heating stage by using 
glass coatings. The application of glass coating resulted in a remarkable reduction in oxide 
growth. A range of coating composition is given in Figure 2-16 and the corresponding 
working mechanism of each type is shown in Figure 2-17. Apart from friction and wear 
reducing-effects, the anti-oxidation capacity of glass compounds lubricants makes them a 








Figure 2-16: Type of coatings in reference [68] 
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 Glass-like lubrication at low temperature 
Glass-like lubrication has been reported at low temperature range. Zinc 
Dialkyldithiophosphate (ZDDP) is regarded as the most successful oil additive and has 
been broadly recognized in modern tribology history. It is often formulated in engine oil 
and many other industrial lubricants due to their exceptional wear resistance. Research has 
shown that after experiencing complex tribological reaction, ZDDP generally forms a 
glass-like tribofilm which is mainly constructed from polyphosphate backbones. From the 
macroscopic point of view, ZDDP generally has a patchy and gradient-like structure with 
long-chain polyphosphate overlying short-chain phosphate network (as shown in Figure 2-
18) [69, 70]. Beside the wear-reducing effect, ZDDPs is also known as an excellent 
oxidation inhibitors due to their ability to decompose hydroperoxides radicals throughout a 
complex chemical reactions [69]. The amorphous nature of ZDDP tribofilm renders low-
shearing stress which results in low frictional force upon contact [71-73].  
Figure 2-17: Working principles of each coating type [68] 
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Hard-soft-acid-base theory has been extensively used to elaborate the formation 
mechanism of ZDDP tribofilm on ferrous contact surfaces [69, 74]. A combination of 
computational studies and advanced analytical techniques also indicated complex 
mechano-chemical reactions including wear particles digestion, depolymerization and 
polymerization of phosphate network [75-77]. Other metal polyphosphates also received 
attentions regarding their tribological behaviors. Gauvin [78] investigated pure α-
Zn3(PO4)2 crystalline powder whose structure changes greatly to achieve favorable friction 
and wear responses. While investigating a number of bulk polyphosphate glass, Spender 
found that the depolymerized-glassy film favored friction and wear reduction [79]. V.I 
Kolesnikov [80] proposed an anti-wear and anti-scoring additives in plastic greases used 
for heavily loaded railway which primarily composes of hetero-molybdophosphate 
NaPMoO6. Later, Lithium molybdophosphate was proved effective in Puma lubricating oil 
[81]. In addition, a series of binary metal polyphosphates were found to improve 
tribological performance of Puma and Buksol lubricants [82, 83]. Adaptive molecular 
transformation, elimination of oxidizing agents and active adsorption are suggested to be 
Figure 2-18: Compositional gradient within a ZDDP-originated tribofilm [69] 
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the principle mechanism of this family of polyphosphate-based lubricant (Figure 2-19) [84, 




 Glass-like lubrication at high temperature 
While research on glass-like lubrication received plenty of attention at low/moderate 
temperature, there has been fewer work carried out at high temperature. Matsumoto 
investigated tribological performance of water-glass (silicate based) by means of pin-on-
disc testing at maximum temperature of 1200oC [86]. They found a strong correlation 
between the friction coefficient and the glass viscosity while the effects of amorphous 
graphite addition were also illustrated (Figure 2-20). However, no further implications 
regarding wear reduction and chemical analysis on the worn area were provided. Wan et al. 
published a review work on the application of inorganic polymer in high temperature 
tribology and indicated the potential lubrication performance of such class in hot metal 
forming processes [2]. 
 
 
Figure 2-19: Structural transformation in Lithium Phosphorowolframates [84] 
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Tieu et al. studied tribological response of an alkaline polyphosphate by means of pin-
on-disc testing on steel pair [87, 88]. The polyphosphate composite compound delivers 
exceptional friction- and wear-reducing effects on the sliding surfaces. A hierarchical 
structure of the tribofilm was revealed with phosphate melt penetrating deeply into the 
oxide scale bulk while chemical analysis indicated strong reactions between polyphosphate 
and iron oxide surface. Later, the compositional complexity of the Na/K polyphosphate 
tribofilm was resolved by a combination of advanced chemical analysis [89] (Figure 2-21). 
The lubricant was also capable of reducing rolling force in actual hot rolling of Interstitial-
Free (IF) steel, up to maximum 25% compared to unlubricated case. Cui et al. [90] 
determined the roles of starting molecular structure on tribological behaviors of a range of 
different Na polyphosphates (orthophosphate, pyrophosphate and metaphosphate). He 
found that the short-chained polyphosphate lead to a superior frictional and wear behavior 
Figure 2-20: Friction coefficient as a function of load and amount of 
graphite inclusion in water glass lubrication [86] 
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which is quite contrary to what established previously. The lubrication performance of 
sodium polyphosphate was also justified in laboratory hot rolling of mild-carbon steel [91].  
There were also substantial simulation works to substantiate the working mechanism of 
alkaline polyphosphate melts at high temperature. Ta et al. [92] used Density Functional 
Theory (DFT) calculations to understand the chemical absorption route of pyrophosphate 
(Na4P2O7) and orthophosphate (Na3PO4) (at 1073K). They found that Fe-O-P linkage is 
accountable for the absorption while Na4P2O7 was shown to have a stronger binding 
towards both Fe and Fe2O3 surfaces than Na3PO4. Later, Le et al. [93] demonstrated the 
bonding nature of P-O, Na-O and Fe-O linkages on the immediate interface between 
pyrophosphate/triphosphate and iron oxide (Fe2O3). The study illustrates the important role 
of iron oxide in the decomposition process of phosphate network. The adsorption behavior 
of a sodium pyrosilicate (Na6Si2O7) was also studied in-depth at higher temperature range 











Figure 2-21: Compositional gradient of Na/K polyphosphate tribofilm [69] 
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 Research scopes 
As stated previously, there are three glass-forming compounds upon which melt 
lubricant is generally formulated: phosphate, borate and silicate. While phosphate and 
silicate melts have been investigated thoroughly (particularly phosphate), borate melt 
received little attention although it has been often included in the lubricant composition for 
hot metal processing (Table 2-1). Even in the patents that included borate, there were lack 
of detailed analysis to elucidate the exact function and working mechanism of the material. 
The current work sets to provide a fundamental understanding about the tribological 
behaviors of alkaline borates and explore their lubrication potential in the hot rolling of 
steel which is unprecedented.  
 The friction and wear characteristics of sodium borate are studied on sliding 
steel surfaces at elevated temperatures. Microstructural and chemical 
characteristics of borate tribofilm are unveiled in details. Experiments are also 
designed to distinguish thermally-activated reaction and mechanical-chemical 
reaction. 
 The roles of each individual element in borate melt (alkaline element and boron 
oxide) on the collective lubrication performance are highlighted. This 
unprecedented piece of understanding allows a better control over lubricant 
fomulation to fit a specific working circumstance.  
 The tribological behavior of sodium borate is investigated in rolling contact. 
While the passivated rolling module is not entirely representative of actual hot 
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rolling, the interactions between lubricant and oxide scale under such condition 
are fully characterized. 
 Synthesis of potassium borate is carried out and their tribological behaviors are 
also determined. Working range of individual alkaline borate is then deduced.
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CHAPTER 3: 
Experimental methodology and characterization 
This chapter describes experimental apparatus and analytical instruments used thorough 
the study. A brief introduction regarding working principle, technical specifications is also 
included. 
 High-temperature tribometer 
Sliding and rolling contacts are simulated by using high-temperature tribometers under 
controlled conditions.  
 Ball-on-disc 
Friction tests are extensively conducted on a Bruker CETR UMT2 tribometer which is 
capable of testing up to maximum temperature of 1000oC. Ball-on-disc is the mainly used 
configuration in this study. A 2-dimensional DFH load cell has a minimum force 
resolution of 10mN while the maximum normal load achievable is 200N. Upper linear 
stage enables precise positioning down to 1µm. Lower rotary spindle can operate in range 
of 0.001 to 5000rpm. Both normal and lateral forces are simultaneously recorded by an 
integrated program (UMT) during the friction test. Tests are performed via designed scripts 
which allow automated movement of each component. The system provides a highly 
precise acquisition of friction force with good repeatability. In case of lubrication testing, 
the lubricant is introduced to the disc through a steel tube with an inner diameter of 2mm. 
A simplified sketch of the tribometer is given in Figure 3.1. 
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 Roller on flat 
A state-of-the-art Bruker UMT3 was used to simulate the rolling contact at high 
temperature. It is an upgraded version of the UMT2 with additional utilities, particularly in 
flexible testing configuration. The module not only allows conventional rotary testing (e.g. 
ball-on-disc), but also reciprocating testing at high temperature (maximum 1000oC). The 
roller-on-flat is built on the reciprocating unit in which the roller specimen is heavily 
pressed against the lower flat specimen under back-and-forth reciprocating motion. 
Although the unit is not able to represent the actual hot rolling condition, high contact 
pressure during free rolling contact can generate useful insights into the surface-related 
phenomenon. A detailed apparatus configuration will be provided in Chapter 8. 
 Analytical methodology 
Advanced characterization methods used throughout this study are described below, 
although there will be some minor tools that are also mentioned when needed. 
 Thermal analysis 
Figure 3-1: Simplified schematic of the high-temperature tribometer 
UMT2 
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High-temperature thermal behavior of interested lubricant was studied by a combination 
of high-temperature Laser Confocal Microscope (LCM) and Thermal Gravitational 
Analysis and Differential Scanning Calorimetry (TGA/DSC). In-situ LCM allows a real-
time observation of surface oxidation, melting, phase transformation under controlled 
environments at high temperature [95].A schematic illustration of the LCM is shown in 
Figure 3-2. The specimen is focally heated by a 1.5kW-halogen lamp while the upper CCD 
camera captures at 25 frames per second and stores into a video file. The instrument allows 





TGA/DSC is a popular thermo-analytical technique to study thermal behavior of 
materials. The instrument is capable of detecting melting, oxidation, recrystallization due 
to the change that is associated with the heat flux of each occurrence, e.g. melting requires 
energy in form of heat while recrystallization releases energy in the form of heat. In this 
study, a NETZSCH STA 449 DSC was used and a Rh/PT crucible was chosen for the 
experiment. The specimen is heated at a rate of 10oC/min under pure Argon gas. 
 
Figure 3-2: Cross-sectional schematic of the high temperature LCM  
and the specimen shape 
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 X-ray diffraction 
A GBC MMA Diffractometer with a Cu Cu-Kα source and a step size of 0.02o was used 
to determine crystallite structure of interested compounds. The operating voltage and 
current of X-ray was set at 35kV and 28.6mA, respectively. The received patterns were 
processed by HighScore Plus with a data base of Powder Diffraction Files (PDF) 4+ 2018. 
 Nanoindentation 
Mechanical properties of steel components were determined by a Hysitron 
Triboindenter TI950. The instrument is calibrated using a standard Quartz specimen with 
known Hardness and Young modulus. It is equipped with a Berkovich tip with an apex 
radius of 150nm, this allows an accurate measurement on carbides precipitates in High 
Speed Steel material (in Chapter 6, 7 and 8).  
 3D Interferometer 
Surface topography measurements were made using a 3D Interferometer Optical 
Microscope (Bruker Contour GT-K). Typical design of the instrument is given in Figure 3-
3. The measurement is carried out based on the analysis of interference between the 
reference wavefront and the reflected wavefront from the sample surface. The output 
consists of raw quantified data which can be subjected to further processing if necessary. 
The instrument also enables graphical representation from 3D data set and generation of 
2D profiles. On the disc, wear loss volume was calculated by measuring the cross-sectional 
area of the wear track at 4 different points. In this work, wear loss volume is reported. 
Table A-4 to A7 (Appendices) refer to specific wear rate. 
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 Scanning Electron Microscope (SEM) 
Microscopic imaging of sample surfaces was extensively carried out by a JOEL JSM-
6490LA Scanning Electron Microscope (SEM). The instrument is equipped with a 30kV 
conventional tungsten filament and adjustable operating pressure. It has a maximum 
resolution of 3.5nm at 30kV with 2 main detectors: Secondary Electron (SE) detector and 
Backscattered Secondary Electron (BSE) detector. The 80x80mm2 SSD Energy Dispersive 
X-ray (EDX) detector allows a rapid quantitative microanalysis and precise elemental 




Figure 3-3: Typical design of optical interferometer  
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 Focus Ion Beam Microscope (FIB) 
In this work, Focus Ion Beam Microscope (FIB) was mainly used as a sectioning tool to 
produce a high quality electron-transparent specimen for Transmission Electron 
Microscope (TEM) work. A FEI Helios NanoLab G3 CX [96] is equipped with Gallium 
source for ion milling beside conventional functionality of a SEM such as Secondary 





  (Scanning) Transmission Electron Microscope (STEM) 
(Scanning) Transmission Electron Microscope has been widely regarded as a powerful 
tool in materials science research. On the basic of working principle, a high-energy 
electron beam is illuminated through a thin specimen (<200nm) and the transmitted 
electrons are recorded on a viewing screen, forming an image. In tribology, the microscope 
works mostly aim to observe and understand the cross-sectional tribo-interface at the 
nanoscale. In this thesis, electron-transparent TEM specimens were produced by the FIB 
mentioned earlier. The STEM work was extensively carried out on a JOEL JEM-
ARM200F. The state-of-the-art instrument features aberration-correction probe which is 
Figure 3-4: Photograph of the FEI Helios NanoLab G3 CX [96] 
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capable of atomic resolution imaging, <0.08nm at 200kV and <0.14nm at 80kV. The 
microscope is equipped with a large area SSD EDS detector which allows elemental 
mapping with atomic resolution. In addition, a Cold Field Emission Gun with a resolution 
of 0.3V enables atomic-scale determination of electronic structure, e.g. oxidation state, 
chemical bonding, surface plasmons. Versatile imaging techniques can be performed from 
a number of available detectors including: High Angle Annular Dark Field (HAADF), 
Bright Field (BF), Secondary Electron (SE) and Backscattered Secondary Electron (BSE) 
detectors. Microanalysis processing is conducted by using NSS software suit. 









 Figure 3-5: Cross-sectional view of a typical EELS  acquisition 
assembly below the viewing screen [97] 
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Another powerful function of the JOEL JEM-ARM200F is its capacity in resolving 
electronic structure by means of Electron Energy Loss Spectroscopy (EELS). The 
transmitted electrons experience inelastic-scattering after traversing the thin TEM 
specimen in which a certain amount of their energy is lost. This energy deviation carries 
useful information regarding electronic structure of a specific element, which in turn can 
be correlated to their bonding/valence state and other chemistry characteristics [97]. The 
JOEL JEM-ARM200F is equipped with a GIF Quantum imaging filter which allows 
acquisition of energy-loss dispersion spectrum. In this work, EELS was performed on 
STEM mode and the resulting energy-loss spectrum is processed by a tool in Digital 
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CHAPTER 4: 
Tribological performance of sodium borate  
at elevated temperatures 
* This chapter content was published in The Journal of Physical Chemistry C, 2017, 
121, 45, 25092-25103 
As previously stated, melt lubricants [2] are considered as good candidates for high-
temperature lubrication as they possess a desirable set of thermal and chemical 
characteristics. The concept of melt lubrication is based on utilizing viscous state of the 
melt lubricant for tribological contact. Sodium polyphosphates reportedly delivered 
friction and wear reducing effects on sliding steel pairs at the maximum temperature of 
800oC [87, 99]. It is believed that polymeric melts of boron and silicate can also hold 
significant potential. Although borates have been studied widely at moderate temperature 
[100], it is still unclear how the Boron-bearing melts behave in response to tribological 
exposure at high temperature. The present chapter aims to evaluate tribological properties 
of an inorganic sodium borate on steel contact at elevated temperature by means of pin-on-
disc testing. Hot tribotests were carried out over a wide range of temperature and loading 
while the lubrication effectiveness is justified by a direct comparison between lubricated 
and non-lubricated tests. In addition, a thorough analysis was also conducted to reveal 
microstructure and chemical nature of the tribo-interfaces on both sliding counterparts. 
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 Experimental details 










Sodium Tetraborate Decahydrate (Na2B4O7.10H2O) was selected for the hot friction 
test. At room temperature, the naturally-occurring mineral has a crystalline structure as 
indicated by its XRD pattern (Figure 4-1c). A vibrational spectroscopy analysis was 
carried out to determine the molecular structure of the compound and the resultant 
spectrums are shown in Figure 4-1a and 4-1b.  In Raman spectrum, the sharp peak located 
at 580cm-1 is assigned to isolated-diborate [101]. Within this dominating structural group, 
a coexistence of triangular (BO3) and tetrahedral (BO4) boron sites can be expected which 
Figure 4-1: Vibrational spectroscopy spectrum of sodium borate, a) Raman, 
b) FTIR and c) X-ray diffraction pattern of the material 
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is confirmed by the FTIR analysis. In FTIR spectrum,   the band at 3498 cm-1 is associated 
with H-O-H bending while bands at 1411cm-1, 1360cm-1 and 1127 cm-1, 1075 cm-1 can be 
assigned to asymmetric stretching of B-O in BO3 and BO4, respectively [102]. A 5% 
(weight percentage) aqueous solution of borate was prepared for friction testing. 
Transition temperature of sodium borate was determined by mean of high temperature 
Laser Confocal Microscope (LCM) coupled with a CDCD camera. A mild-carbon cuboid 
substrate (3x3x2.5mm) with roughness of 10nm was fixed onto a 5mm-diameter alumina 
crucible. A small amount of lubricant powder was gently located on the steel specimen 
which was subsequently inserted into an ellipsoidal infrared heating furnace. The specimen 
was then heated by an infrared source to 800oC at a rate of 1.5oC/s under Argon 
atmosphere (99.999% Ar).  The schematic illustration of the testing apparatus is shown in 
Figure 3-2. In-situ observation of the physical state variation was accomplished by a 
continuous video recording through objective lens. At 525oC, the solid particle gradually 
transforms from solid state into a highly viscous liquid (Figure 4-2), marking the transition 
point of sodium borate. 
Figure 4-2: Snapshots of sodium borate particle through its transition point in Laser 
Confocal Microscopy 
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DSC/TGA analysis was further used to support the melting behavior of borate (Figure 
4-3). The material experiences a significant dehydration around 120oC-160oC indicated by 







Figure 4-3: DSC and TGA curves of sodium borate. 
 Tribopair preparation 
A 6.35mm-diameter Chromium GCr15 ball (C:Si:Cr:Fe = 0.98:0.35:1.48:balanced-
%wt.) was selected as the stationary component with an initial roughness of ~20nm and a 
hardness of 5.9GPa. Mild carbon (MC) steel (~0.3%C) with a hardness of 4.7GPa was 
chosen for the disc material. The round disc of 3mm in thickness and 50mm in diameter, 
was polished to achieve a roughness of 1µm. Prior to a friction test, both steel components 
were ultrasonically cleaned by ethanol and acetone respectively for contaminants removal. 
 Friction tests 
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Hot friction tests were performed on the Bruker UMT2-CETR high temperature ball-
on-disc tribometer. Steel counterparts were firstly installed into the tribometer then the 
furnace was heated to a set temperature. The non-isothermal heating period was divided 
into multiple sequences to minimize the risk of thermal overshooting. MC disc rotates at 
5rpm during heating stage to ensure a homogenous heat distribution while the GCr15 ball 
is located at 5mm above the disc surface. Sliding tests were carried out at temperature 
range of 600oC-800oC while the nominal load was kept at 10N-30N with a linear sliding 
velocity of 0.1m/s. An external thermocouple was embedded into the ball to monitor its 
temperature and a typical plot is provided at the set point of 800oC in Figure A-1 
(Appendices). The maximum contact pressure was calculated according to the reduced 
young modulus of the oxide scales at testing temperature, reaching a value around 
1.14GPa, 1.43GPa, 1.64GPa at 10N, 20N and 30N respectively [103]. The sliding duration 
is 5 minutes and the tribopairs were immediately retrieved and cooled in air after each test 
to prevent further oxidation. During the lubrication tests, lubricant solution was fed onto 
the rotating disc with a rate of 0.01ml/s through an external monitor. The onset of lubricant 
introduction is 2 minutes before contact engagement. A number of tests were repeated for 
each testing condition to ensure repeatability. 
The maximum contact pressure is calculated by Hertzian stress theory as shown in 
Equation 4-1[104]. Since the steel tribopair were pre-oxidized prior to sliding test, the 
Young modulus of oxide scale at different temperature is used to determine the generated 
stress [103] (Equation 4-2).  These equations are used throughout this study to calculate 
maximum contact pressure, unless stated otherwise. 
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      (Eq. 4 − 1) 
 
  ET = Eox
o (1 + n(T − 25)      (Eq. 4 − 2)[103] 
   n = −4.7. 10−4; Eox
o = 240GPa 
a: radius of contact area; 
R: ball radius (mm);  
F: applied force (N);  
E1,E2: young modulus of each contact 
body (GPa);  
v1,v2: Poison’s ratio of each contact 
body  (=0.3 [81]) 
ET: Young modulus of oxide scale at 
temperature T (oC)  
 Characterization 
The molecular structure of sodium borate was analyzed by a JY HR800 Raman 
spectrometer and a Shimadzu Fourier Transform Infrared Spectrometer. Morphologies of 
worn surfaces were examined by JOEL JSM-6490LV Scanning Electron Microscopy 
coupled with Energy Dispersive Spectroscopy (EDS). Low accelerating voltage (5keV) 
was used in this case to increase x-ray yield of low-Z atom. Ball loss volume was 
calculated from the worn scar dimension while the according figure was measured by a 
Stylus Profiler (Dektak 150 Surface Profilometer) on the disc wear track. 
 Thin lamellars were produced by Dual Beam FEI Helios NanoLab G3 CX while 
microscope observations of the cross-sectional interface were performed on aberration-
corrected JOEL ARM 200F Scanning Transmission Electron Microscopy (STEM). Since 
the lubricant melt is formulated with Boron which is typically a light element, detection of 
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such component is restricted by the low yield of X-ray signal. To overcome this issue, 
High-angle Annular Dark Field (HAADF) imaging is employed besides conventional 
Bright Field imaging (BF). Based on Rutherford scattering, collected signal from high-
angle incoherent electrons is heavily dependent on atomic number (Z2) [105] of the 
element. Therefore, STEM-HAADF images can exhibit a high sensitivity toward 
compositional contrast (with negligible lamellar thickness deviation) and were already 
used in various applications to differentiate elements with great Z disparity [106, 107]. 
Spectroscopy (EELS) analysis was operated in STEM mode to mitigate radiation damage 
with beam dispersion of 0.1eV. The spectra underwent background-subtraction by fitting 
the pre-edge to a power function law AE-r, where E is the energy loss and A and r are 
constants. 
 Results 
 Tribological performance of sodium borate over a wide range of testing 
conditions 
Average friction coefficients and wear loss volumes of tribopairs lubricated by sodium 
borate under different loads (10N, 20N and 30N) at 600oC, 700oC and 800oC are shown in 
Figure 4-4, 4-5 and 4-6, respectively. The sliding velocity remains at 0.1m/s in every case. 
It can be seen that friction rises marginally with increasing load, although it still falls in a 
range of ~0.18-0.2 regardless of testing temperatures. The wear loss volumes share a 
similar upward tendency when the applied load increases. However, the disc seems to 
suffer a lower material loss than its counter-surface at harsher condition. The disc loss 
volume is recorded at 0.122 mm3 at 600oC under 30N and it jumps to 0.163 mm3 at 800oC 
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under the same load. On the other hand, the ball loss volume appears more sensitive to 
both variables, particularly at a higher temperature range, although the order of magnitude 
is much lower than the disc. At 600oC, the ball loss volume registers a value of 0.63.10-2 
mm3 under 10N, the figure rises to 0.73.10-2 mm3 and 0.81.10-2 mm3 at 20N and 30N, 
respectively. At 700oC, the corresponding value at increasing load is approximately 3 
times higher than those at 600oC. The test at 800oC sees the highest ball loss volumes with 
a steeper slope than that obtained at lower temperatures as the gap between the two 
extremes (10N and 30N) is nearly 2.10-2 mm3. It is clear that borate lubrication yields 
relatively low friction coefficients under a wide range of conditions, although the wear loss 
increases slightly with load and temperature. The wear behavior might arise from the 












































































Figure 4-4: (a) Wear loss volumes of the tribo-pair and (b) average 
friction coefficients in lubricated tests versus load at 600oC. 
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 The lubrication effects of sodium borate are clearly demonstrated by the reduction of 
friction coefficient and wear loss on both steel counterparts in comparison to unlubricated 
cases. It is noted that the normal load and the linear speed were kept constant at 30N and 
0.1m/s, respectively. The evolution of friction coefficient versus sliding time of lubricated 
and unlubricated tests at 600oC, 700oC and 800oC are displayed in Figure 4-7. During the 
running-in stage, the friction coefficient fluctuates considerably possibly due to the contact 
between the hard oxide scale while the steady state sees a stabilization in the friction 
coefficient. It can be observed that unlubricated sliding contact is characterized by growing 
friction with increasing temperature. The average friction coefficient is 0.44 at 600oC then 
increases to 0.50 and 0.55 at 700oC and 800oC respectively. On the other hand, exposure to 
borate lubrication clearly improves frictional behavior by reducing the coefficient 
considerably at all testing temperature. Under borate lubrication, the friction coefficients 
converge at roughly ~0.18-0.2 with the reduction of 60%, 64% and 67% at 600oC, 700oC 






Figure 4-5: (a) Wear loss volumes of the tribo-pair and (b) average friction 
coefficients  in lubricated tests versus load at 700oC. 
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Figure 4-8 shows the wear loss volumes of the sliding pairs in unlubricated and 
lubricated condition at 600oC, 700oC and 800oC. It is note that the normal load was kept at 
30N while sliding velocity was set at 0.1m/s. Dry sliding yields progressive increments of 
the material loss with temperature on both sliding surfaces, except the loss volume on the 
MC disc at 800oC which is slightly over half of that at 700oC. The introduction of sodium 
Figure 4-6: (a) Wear loss volumes of the tribo-pair and (b) average friction 
coefficients in lubricated tests versus load at 800oC. 
Figure 4-7: Friction coefficient curves of dry sliding and lubrication 
tests at 600oC, 700oC and 800oC (load of 30N, sliding speed of 0.1m/s). 
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borate reduces significantly the wear loss on both sliding counterparts. On the ball, 
although the wear reduction looks subtle at 600oC, it becomes more significant at higher 
temperature range as the volume difference increases. Wear losses on the lubricated discs 
are so minor compared to what recorded in dry sliding condition that the corresponding 
figures have been represented in a much smaller scale to illustrate the increasing trend 
(Figure 4-8b). For instance, at 600oC the lubricated disc wears an amount of only 5% of its 




 Analysis on the worn surfaces at 800oC 
This section and the following two provide an in-depth analysis on the worn surfaces 
after friction test at the temperature of 800oC, those at lower temperatures can be found in 
Figure A-5 to A-9 (Appendices). Friction coefficient curves and wear loss volumes of 
unlubricated and lubricated friction tests (at 800oC, 10N, 0.1m/s) are illustrated in Figure 
4-9 and 4-10. Again, it can be seen that characteristically high friction coefficient is 
yielded in the case of dry sliding ~0.42 while the introduction of molten sodium borate 
Figure 4-8: Wear loss volumes of the tribopair at varying temperatures in 
 (a) dry sliding condition and (b) lubrication condition. 
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leads to a dramatic drop of friction by approximately 58%. Through the entire lubrication 
test, the melt lubricant shows a steady and rapid response to sheared stress condition 
initiated by a 50-second running-in period. In the case of dry sliding test, worn loss 
volumes were recorded at 5,01.10-2 mm3 and 2,44 mm3 on the ball and the disc, 
respectively. The corresponding figures recorded substantial drop on both steel 
counterparts when exposed to the melt lubrication. On the ball, the volume loss is five-fold 
lower than that produced in unlubricated condition, reaching roughly 1.10-2 mm3 while the 















Figure 4-9: Friction coefficient evolution of unlubricated and melt-lubricated 
steel pair (at 800oC, 10N, 0.1m/s). 
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After dry sliding test, worn surface morphologies of steel tribo-pair are shown in Figure 
4-11. Micrograph of the ball scar shows a variety of surface damages such as 
microgrooves, ploughing and plastic smearing. Across the worn area, a large amount of 
wear debris can be observed which can act as a third-body abrasive source. Likewise, the 
wear track is moderately grooved parallel to sliding direction and featured with dominant 
iron oxides debris. The magnified zone (in Figure 4-11b) displays a continuous and 
relatively smooth patch interrupted by multiple shattered fragments of oxides. This can be 
attributed to the dynamic formation of a compact surface glaze which is originated from 
sheared stress-induced agglomeration of oxides debris. Some believed that the protective 
glaze layer can provide a wear resistance in some extent [108, 109]. Under extreme 
temperature and oxygen availability, the oxidation of abrasive oxide is spontaneous, 
leading to the formation of Hematite (Fe2O3) which is the hardest among 3 types of iron 
oxide [110]. The abrasive Hematite is considered as the main component causing severe 
fractures on both rubbing surface. It is further evidenced by the X-ray diffraction of debris 
Figure 4-10: Wear loss volumes of unlubricated and lubricated steel pair 
(at 800oC, 10N, 0.1m/s). 
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oxides (in Figure A-2) where Hematite accounts for the majority accompanied by a small 
fraction of Magnetite (Fe3O4). EDS spectra of magnified zones also indicate the 
predominance of O and Fe on the worn surfaces of mating counterparts (Figure 4-11). The 
pattern similarity suggests the occurrence of adhesive wear where oxide debris was 
embedded into the worn area of the ball which yielded plastically. At elevated temperature, 
it can be deduced that dry sliding contact of steel pairs is characterized by a severe state of 
abrasive/adhesive wear and plastic deformation which result in high friction and 







SEM micrographs of steel tribo-pair lubricated by borate melt are shown in Figure 4-12. 
High-magnification image (Figure 4-12b) displays featureless morphology on the wear 
track except hexagonal platelets residing on a smooth and glassy surface. Those micro-
platelets could be the products of borate melt recrystallization upon cooling. Across the 
worn scar island-like patches can be observed although it is unclear if they represent the 
actual morphology of the contact area. X-ray analysis points out the expected lubricant 
Figure 4-11: SEM micrographs of the worn surfaces and the corresponding X-ray 
spectrum after dry sliding test a) ball, b) disc. 
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elements (B, Na and O) on the contact surfaces with relatively weak signal from Fe which 
implies the presence of a relatively thick film of lubricant melt overlying the worn area. 
Since the borate melt remains viscous [111] after the friction test, it is likely that the 
molten lubricant moved back onto the worn area and visually masked the intrinsic rubbing 
interface. The cooled melt itself transforms into glassy solid whose appearance is clearly 
not related to shearing action. In order to unfold the true interface, cross-sectional 







 Tribo-interface on the ball after test at 800oC 
SEM image of the whole thin FIB lamellar (12µmx8µm) extracted from ball scar 
lubricated by borate melt is given in Figure A-3 (Appendices). As suggested from the top-
view EDS analysis on the ball scar, it is confirmed that the interface is covered by an 
residual lubricant layer with a thickness of 4-5µm (Figure A-3). The cross-section area was 
selected perpendicular to the sliding direction and the interface appears very smooth. High-
magnified BF image of the ball interface is given in Figure 4-13 which displays an ultra-
Figure 4-12: SEM micrographs of melt-lubricated steel components and the 
corresponding X-ray spectrum after friction test a) ball, b) disc. 
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fine grained region above a coarser base. The nanograin layer is comprised of iron oxide 
with average size of 50-150nm whereas the confinement range is 200-300nm from the 
interface boundary. Popularly known for its intrinsically peculiar mechanical properties, 
the interface-controlled nanolayer can play a significant role in surface characteristics 
during the sliding contact. By applying Hurst filter to increase textural differences in grey 
scales, the ultrafine oxide grains are clearly illustrated in Figure 4-13b. 
EDS phase mappings of the ball interface are illustrated in Figure 4-14 where three 
Phases are distinguished with a different chemical makeup. It is noted that Cu comes from 
the re-deposition of Cu grid during FIB milling which is inevitable. It is obvious that Phase 
1 with the predominant composition of Fe and O, is attributed to the oxides scale on the 
steel ball. Phase 2 can be assigned to the residual melt which is composed of mainly Na, O 
and B. Accounted for the least area, Phase 3 distributes itself on the boundary region 
between Phase 1 and Phase 2 with an estimated thickness of 10-20nm. The interfacial film 
Figure 4-13: a) Bright Field (BF) image from the GCr15 ball interface lubricated  
by borate melt, b) application of Hurst filter underlining the nano-grained interface. 
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runs along the outer boundary of the ultrafine grains layer and consists of Na, O, Fe, C and 
possibly B. EELS characterizations were conducted across the interface region to 
determine the chemical fingerprints of B-K edge and C-K edge, the resultant spectra and 














Figure 4-14: EDS phase mapping with corresponding 
composition spectra of the ball interface. 
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The fine structure of Boron-K edge have been previously resolved with characteristic 
peaks referring to 2 different configurations of BO3 and BO4  by means of EELS [112, 
113]. Previous studies have shown that an intense π* peak at 194eV is assigned to the 
transition of 1s electron to unoccupied pz orbital which defines trigonal 
[3]B units, whereas 
σ* peak at 198.6 eV typically represents tetrahedral [4]B units. Peak located 204 eV is 
mainly associated to three-fold coordinated [3]B.  
In Figure 4-15, it can be expected that the spectrum from the oxide base without the 
inclusion of Boron and Carbon, reveals no sign of excitation edge from the elements. The 
Figure 4-15: Extracted EELS spectra of B-K edge and C-K edge from  
a) melt reference, b) interfacial film (Phase III) and c) iron oxide. 
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melt reference spectrum displays a sharp peak A located at 194.8eV followed by a broad 
hump B with maximum intensity at 202eV (Figure 4-15a). The spectrum shape provides a 
strong indication about the co-existence of trigonal [3]B and tetrahedral [4]B in the structure 
of alkali borate glass which is consistent with past studies [114, 115]. In contrast, the 
spectrum extracted from interfacial film (phase 3) shows an intense peak A at 194.8 eV 
followed by a broad peak C at 204.2 eV which implies the predominance of planar BO3 
within the film composition. The conversion from [4]B to [3]B could be a result of 
tribochemical reaction. Regarding Carbon, the resultant spectrum suggests the formation of 
amorphous carbon in the interfacial film (phase 3). The peak located at 286eV is due to the 
transitions from core 1s state to the π* state followed by a broad peak which is associated 
to the transition from 1s to σ* state [116, 117]. It is likely that the origin of C arises from 
decaburization which will be discussed in the following section. It is noted that spikey 
appearance might be due to partial radiation damages (from intense electron beam) as the 
glass lubricant is intrinsically non-conductive. 
 Tribo-interfacial on the disc 
A FIB thin lamellar (9µmx6µm) of the tribo-interface on the disc is shown in Figure A-
4 (Appendices) and the rubbing surface appears rougher than that on the ball. A relatively 
thick layer of residual melt (2-3µm) can also be observed. Figure 4-16 illustrates a STEM 
BF image of the disc interface with the corresponding EDS mapping. The formation of a 
tribofilm can be seen as a continuous and homogenous layer with an approximated 
thickness of 50-60nm. Close examination suggests that the tribofilm consists of structural 
layers which can be distinguished by a contrast difference. Elemental mapping of Fe and 
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melt compositions (except B) are provided to determine their distributions across the 
tribofilm. Fe is predominantly found in the oxide scale while it is less likely to be included 
in the tribofilm as well as the residual melt. Apart from homogenous distribution among 
the residual melt, it is clear that Na heavily concentrates onto the lower region of the 
tribofilm. On top of that, it is most notable that O is significantly deprived in the tribofilm 











In order to visually underline the layered structure of the induced tribofilm, HAADF 
imaging was employed and shown in Figure 4-17. Apart from boundary region, the 
residual melt presumably contains a homogenous composition from point to point, 
Figure 4-16: BF image of the tribofilm generated on the ball and the 
corresponding EDS mapping. 
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exhibiting a uniform contrast. However, a bi-layer structure can be seen in the tribofilm 
(Figure 4-17b) where the upper layer (II) appears darker than the underlying counterpart 
(I). In accordance to EDS mapping, it can be deduced that the bottom layer corresponds to 
the Na-rich region. In addition, it is very likely that the top layer is composed of highly-
concentrated light elements characterized by its stark contrast compared to the remaining 
regions. On the basis of HAADF imaging, the contrast disparity not only suggests 
compositional differences but also indicates a concentration gradient of heavy/light 
elements. A representative EDS line scan is given to determine intensity profile across the 
boundary film of O, Na and Fe (Figure 4-17c). It can be seen that O is significantly 
depleted within the tribofilm bulk whereas the intensity of Na suddenly increases followed 
by an abrupt drop when it comes to the oxide substrate. By the combination of EDS and 
HAADF imaging, the local chemical structure of the bi-layered tribofilm can be revealed 







Figure 4-17: HAADF image of the tribo-interface generated on the disc (a), detailed 
image of the dual-layered structure (b) and EDS line scan across the tribofilm (c). 
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 Discussions 
The current chapter presents a good lubrication properties of inorganic sodium borate 
above its melting temperature. The lubrication performance is demonstrated by a 
considerable reduction in friction coefficient and wear loss over a wide range of testing 
conditions on the steel tribopair. In order to understand the mechanism of melt lubrication, 
the physical chemistry aspect of the molten inorganic poly-oxides deserves further 
consideration. In the molecular structure of sodium borate, there is coexistence of covalent 
bonding and ionic bonding: the former one is largely attributed to B-O linkage while the 
latter refers to O-Na interaction. Upon melting, the compound transitions from a rigid state 
into a highly viscous liquid. The melt viscosity drops progressively with temperature 
which is associated with a gradual breakdown of the large anionic segments within the 
glassy network [118]. Eventually, the vitreous melt is characterized by the formation of 
charged individuals: cationic Na and anionic B-containing units (predominantly BO3
3-). 
The ionic disassociation has been previously proven by the increased electric conductivity 
at the molten state [118, 119]. The lubricant melt thus could be considered as a high-
temperature ionic liquid which dictates the tribological responses. 
As illustrated in the TEM images, there appears a bi-layered tribofilm generated on the 
disc interface after the friction test. The chemical composition of each layer is correlated to 
different response of ionic components under shearing effect at high temperature. It is 
evidenced by EDS mapping that the Na-dense layer (~10-20nm thick) is the foundation of 
the bi-layered structure. The oxide surface is expected to be rich in electron to attract the 
Na ions in the lubricant melt. This could stem from exo-electron emission [120] or the 
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intrinsic chemistry nature of the oxide scale at high temperature [7]. Generally, the bottom 
layer plays a critical role in the properties of a boundary film, notably governing the 
adhesion strength between that film and the underlying surface. Within the tribofilm 
structure generated by Zinc Diakyldithiophosphate – the most widely used additive in 
engine oil, the Sulfur-concentrated layer is accountable for the extreme pressure tolerance 
and increased scuffing resistance [121, 122].  
 Since the observation of Boron distribution by EDS mapping is difficult due to its low 
atomic number, HAADF imaging was used as an alternative approach. With a high 
sensitivity towards Z-number differences reflected by an image contrast, the technique is 
capable of distinguishing elements with great Z disparity and providing the concentration 
gradient. It is shown by X-ray spectra and EELS analysis that the melt lubricant is 
comprised of B, O and Na with an increasing atomic number Z = 5, 8 and 11, respectively. 
From HAADF image of the disc interface (Figure 4-17), a stark contrast between oxide 
base and the overlaying glassy film can be seen as the substrate appears much brighter than 
the remaining region. These arise from the presence of Fe in the oxide scale which is much 
heavier (Z=26) than any other melt elements. Within the tribofilm, the dual layers exhibit 
different contrast as the upper layer is darker than its underlying counterpart. This 
explicitly points to the inclusion of light element in chemical makeup with a greater 
concentration compared to other areas. In accordance to EDS analysis, the base layer is 
assigned to be Na-rich and the whole bi-layered tribofilm is considerably deprived of O. 
Furthermore, since B is the lightest element among the tribosystem, it is plausible that the 
upper layer is mainly compounded of vitreous boron oxides. The upper layer is then 
highly-concentrated in B but heavily depleted in O. This is a possible indication of 
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polymerization occurrence under the effect of stressed shearing. In principle, B exists in its 
most stable form when screened by O atoms in inorganic boron oxides [123] and the 
polymerization can be triggered through additional formation of bonding-oxygens. An 
illustrative schematic of the tribologically-driven process is proposed in Figure 4-18. The 
self-adaptation behavior can be considered as a smart response of the tribofilm to 
accommodate the shearing stress. The upper layer thus dominates the anti-wear capacity 
due to an increased cohesive strength of the tribofilm bulk. Besides, the friction reduction 
capability of the tribofilm can originate from the amorphous nature of the tribofilm. The O 
depletion not only provides reasonable evidence about the possible polymerization in the 






On the opposing contact surface, the interface structure is also complex with the 
formation of ultra-fine grained iron oxides beneath a boundary thin film. While the 
overlying film comprises mainly lubricant elements, the nano-grain oxide layer can also 
plays a crucial part in the properties of the sliding interface. It could be due to the 
combined effects of oxidation and surface deformation at high temperature. Ultrafine-
Figure 4-18: Simplified schematic of tribologically-induced polymerization  
in borate tribofilm 
  
 CHAPTER 4: 
 
  Page | 66 
 
grained materials have been known for their unusual mechanical features including high 
yield strength, excellent impact toughness and good fatigue strength [124-126]. Superior 
mechanical characteristics are associated with the substantial boundaries density within the 
microstructure. Herein, the nano-grained oxides (average diameter of 50-150nm) can 
significantly enhance the mechanical strength of the rubbing interface and consequently 
increase its wear resistance [127, 128]. As shown previously, the astonishing smoothness 
observed can be attributed to the improved wear resistance when asperities contacts are 
minimized under such surface quality. The nanoscale grains neatly arrange themselves on 
the interface within a refinement range of ~200-300nm without being scattered outwards. 
Apart from reinforcement capacity, nano-size grains are also characterized by high 
boundary diffusion coefficient [129, 130] which can contribute to the complex chemistry 
of the overlying film. The film is chemically made up with expected melt elements (B, O, 
Na) with Fe and C. The inclusion of C and Fe could stem from the effect of high 
temperature as this always induces outward diffusion of Fe and decarburization. As the 
GCr15 ball consists of approximately 1% C, decarburization is reasonably likely [9]. The 
decarburization process corresponds to competitive oxidation of solute [C] species in the 
steel base which produces a mixture of carbonaceous gases as: [C] + FexOy → Fe + 
CO/CO2. Under the effect of constant tribological exposure and tremendous heat, complex 
reactions can take place which eventually transforms carbon-bearing gases into amorphous 
carbon. In the tribofilm, the amorphous carbon is considered intrinsic, given that thin 
lamellar was constantly kept in the vacuum condition until TEM examination, 
contamination was therefore very negligible. This is also supported by the total absence of 
C in the oxide scale as well as in the upper residual film indicated by the EELS analysis. 
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TEM micrograph of the steel substrate extracted from the ball scar displays continuous 
voids along the scale/steel base interface (Figure 4-19). Outward diffusion of iron through 
interstitial sites is considered rate-determining stage in scaling process when the oxide 
scale thickens [7]. Again, the nanograins can accelerate Fe diffusion and subsequently 
incorporate it into the tribofilm. With a variable coordination number, Fe has been known 
to increase the network connectivity of the glassy film which results in an increased 
strength [131]. As previously shown, the conversion from BO4 to BO3 is apparent which 
can be explained by the favorable formation of easy-to-shear species under sliding (BO3 





Under borate lubrication, the boundary interfaces are microstructurally and chemically 
complex (Figure 4-20), due to tribological responses of borate which related closely to its 
physical chemistry at high temperature. There are some difficulties in attempting to 
understand the tribological reactions at this extreme condition. The highly kinetic 
aftermath has great chances to distort the actual state of the tribofilm structure. By 
Figure 4-19: BF image of cross-sectional scale/steel interface of GCr15 ball  
after friction test. 
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retrieving the steel components promptly after friction test, the interfaces were presumably 








Tribological performances of inorganic sodium borate were investigated by pin-on-disc 
testing over a wide range of conditions. Further analysis was carried out to reveal the 
chemical and microstructural complexity of the interfaces at 800oC. The concluding 
remarks can be found as followed: 
 Sodium borate exhibits a very good lubricating properties above its melting point 
which is demonstrated by a significant reduction in friction and wear loss volume; 
 On the disc surface, a dual-layered tribofilm is observed with a total thickness of 
~50-60nm. While the lower part is enriched by Na, the increased concentration of B in the 
upper part indicates potential polymerization reaction under tribological stimulation; 
Figure 4-20: Simplified chemical structure of borate tribofilm  
and participating interfaces 
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 On the ball surface, a tribofilm composing of Na, O, B, C and Fe overlays on an 
ultra-fined oxides scale. There is a conversion from BO4 into BO3 species in the vitreous 
film; 
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CHAPTER 5: 
Interface reaction of borate melt/oxidized steel and the 
anti-oxidation capacity of lubricant melt  
* This chapter content was published in Corrosion Science, 2018, 140, 231-240. 
Like other engineering operations that involve high-temperature exposure, oxidation 
management is very critical in the hot rolling of steel, although it is sometimes overlooked. 
The intensive growth of oxide scale during reheating and subsequent deformation process 
accounts for a substantial amount of material loss. From a tribological perspective, oxide 
scale is considered as the major origin of abrasive/adhesive wear that deteriorates the 
surface conditions of both mating surfaces and increases chances of seizure [132]. After 
rolling, the unwanted oxide scale on the workpiece is often hard to remove, which requires 
costly downstream processes (such as pickling).  
Fundamentally, the nature of oxidation depends on a number of factors including 
temperature, exposure duration, chemistry of the substrate and the corroding environment. 
The majority of oxidation sequences take place at the phase boundary with heterogeneous 
reactions. Glass-based coatings have been used to improve the high-temperature oxidation 
resistance of many alloys and steel [58, 60, 61]. The coating is expected to act as a 
hermetic seal which can physically separate metal substrate and oxidizing offenders. Apart 
from the restriction of oxygen diffusion through the coating bulk, redox reactions at the 
coating/base boundary result in the formation of an interlayer which governs the oxidation 
  
 CHAPTER 5: 
 
  Page | 71 
 
kinetics. Ideally, the interlayers are characterized by a low oxygen diffusivity while their 
formation is based on thermodynamically-favored reaction which further inhibits corrosion 
of more valuable elements in the substrate [57, 59, 63-67, 133, 134]. Although there are 
plenty of studies associated with static oxidation at high temperature, only little attention is 
spent on the oxidation of sliding surfaces.  
The present chapter discusses the chemical nature on the borate melt/oxidized steel 
interface and the influences of shearing stress on that particular confined region. As 
tribofilm formation was acknowledged previously (Chapter 4), further insights on the anti-
oxidation capacity of such thin film are also given.  
 Experimental details 
 Material preparation 
In the high-temperature friction test, material selection was kept the same as it was 
presented in Chapter 4 (GCr15 as the ball and mild steel as the disc). Surface conditions of 
the steel pair also remain unchanged. Aqueous solution of 5%wt. of sodium borate was 
prepared for the friction test.  
 Oxidation and tribological test 
Both static oxidation test and tribological test were carried out on the UMT2-CETR 
ball-on-disc tribometer. Testing temperature was selected at 800oC while the load was kept 
at 10N with a sliding speed of 0.1m/s. During lubrication test, the lubricant was fed onto 
the disc 2mins prior to contact engagement. Distilled water is only considered as a carrier 
which immediately vaporizes when the lubricant reaches the heated disc. The remaining 
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borate certainly melts at the testing temperature (given its transition temperature is 525oC). 
After sliding test (which lasts 5mins), the steel disc was immediately retrieved and cooled 
in air to avoid further oxidation. It can be predicted that there are 2 distinct areas on the 
disc after test: non-contact and contact. The former is associated with the region where 
oxidized steel is coated with borate while the latter one refers to the worn track where the 
borate/steel interface was subject to shearing exposure.  
 Characterizations 
The majority of characterization tools used in this chapter is similar to what described in 
section 4.1.4. In addition, Secondary Ion Mass Spectroscopy (SIMS) analysis was 
performed on a CAMECA IMS 5FE7 to determine elemental distribution across the 
lubricated interface, particularly B which is difficult to detect by EDS mapping. A focused 
5.0keV Cs+ primary ion beam with a current of 100nA was employed over a raster of 
180x180 µm2 area. The depth profile was obtained from sputtered MCs+ (where M is B, 
Na and Fe) to minimize potential matrix effects. 
 Interfacial reaction between borate melt and oxidized steel 
Figure 5-1 shows the top-view surface microstructure from non-contact area on the 
tribo-disc. It can be seen that the surface morphology appears glassy and smooth. The X-
ray spectrum clearly indicates melt elements such as Na, O and B while Fe is not 
detectable. From the cross-sectional view (Figure 5-2), the total thickness of borate 
deposition is around 50µm. 
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As the oxidation sequences occur mainly at the phase boundary, Figure 5-3 illustrates a 
STEM-BF image of the interaction zone (marked in Figure 5-2) together with the EDS 
phase and spectrum. From the BF image (Figure 5-3), there are 2 different phases which 
can be distinguished from their contrasts. The bright phase which looks uniform, is likely 
associated with the borate coating while its darker counterpart can be assigned to the oxide 
scale. EDS spectra were provided to differentate compositionally the contributing phases. 
According to the spectrum, Phase 1 with predominant composition of Fe and O is clearly 
attributed to the grown oxide scale. In contrast, Phase 2 consists mainly of B, Na and O 
which can be ascribed to the borate melt. At the glass/scale interface, a substaintial amount 
of sub-micron particles are in contact with the borate phase. Fluxing behavior of the borate 
melt is clearly illustrated as a fraction of borate melt infiltrates into oxide scale while the 
oxide particles appear to be pulled out of the substrate at the same time. This phenomenon 
could result in interface roughening which was shown in Figure 5-2. It is noted that the 
increased vertical intensity (top-to-bottom) is attributed to the increased thickness from the 
top to the bottom of the thin lamellar, rather than an intrinsic feature of the interface. 
Figure 5-1: a) SEM micrograph of borate-coated oxidized steel from non-
contact area and b) the corresponding EDS spectrum. 
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In order to examine the immediate interface between the borate melt and oxide scales, 
BF image of higher magnification with corresponding EDS mapping and line scan are 
given in Figure 5-4. It is clear that O is present in both phases with a higher concentration 
in the iron oxide than that of the borate melt. In addition, there is a very small amount of 
Fe in the melt. Apart from uniform distribution in borate phase, it is notable that Na 
concentrates heavily on the interface of iron oxide as a continous thin film. The sudden 
increase of Na signal when it comes to the iron oxide interface justifies the presence of Na-
rich film in Figure 5-4. This interface layer could be the result of heterogenous reaction 
between borate melt and iron oxides that governs the dissolution characteristic. Selected 
Area Electron Diffraction patterns from borate and oxide phase are shown in Figure 5-5a 
and 5-5b, respectively. As expected, the diffuse ring pattern (Figure 5-5a) reveals the 
amorphous nature of borate melt whereas the spot-like pattern (Figure 5-5b) is attributed to 
the (1 0 0) and (1 1 0) planes of cubic iron oxides.  
Figure 5-2: Cross-sectional view of borate-coated steel 
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Due to the limited sensivity toward X-ray detection, EELS was employed to identify the 
distribution of B and its intensity profile across the phase boundary is given in Figure 5-6a. 
It is clear that there is almost no trace of B in the oxide scale while the element becomes 
significantly abundant in the borate phase. Figure 5-6b presents the energy loss spectrum 
of B-K edge in the borate phase. There is a sharp peak located at 194.8eV followed by a 
broad hump B with maximum intensity at 202eV. The intense π* peak at 194e.8V 
corresponds to the transition of 1s electron to unoccupied pz orbital which defines trigonal 
[3]B unit while the subsequent broad hump indicates a possible co-existence of trigonal [3]B 
and tetrahedral [4]B [114, 115]. Elemental distribution and microstructure characterization 
Figure 5-3: STEM-BF image of the borate-steel interface from unworn 
area and the corresponding phases determination with EDS spectrum. 
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suggest a potential interface reaction and microscopic fluxing of the protective iron oxide 















Figure 5-4: a) STEM-BF image of the borate-steel interface from unworn 
area, b) a scan profile across the interface and c) corresponding EDS 
mapping of Na, O and Fe. (Yellow line indicates scanning direction) 
Figure 5-5: Electron Diffraction pattern of a) borate melt and b) oxide scale. 
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 Effect of stressed shearing on the interface chemistry 
The surface morphology of the area under tribological exposure is shown in Figure 5-7. 
The worn surface looks smooth while X-ray spectrum points to the presence of lubricant 
melts and Fe. In comparison to the coating case where Fe is very weak, this arises from a 
thin deposition of the borate melt on the wear track (<1µm, shown in Figure A-4) after the 






Figure 5-6: a) EELS B-K edge intensity profile of B across the interface and  
b) EELS spectra of B-K edge of the borate melt. 
Figure 5-7: a) SEM micrograph of the wear track lubricated by borate and  
b) corresponding EDS spectrum. 
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Figure 5-8 details the STEM-HAADF image of borate-lubricated interface with 
corresponding EDS mapping and line scan. Although already presented in Chapter 4, it is 
worth recalling the image that highlights the effects of tribological exposure on the 
chemistry of borate/oxidized steel interface. A tribofilm (50-60nm) is found residing on 
top of the iron oxide surface. Similar to what observed in out-of-track area, Na highly 
localizes on the iron oxide interface as part of the inherent interfacial reaction. However, it 
is noteworthy that the boundary film is significantly depleted in O (Figure 5-8c) which was 
not seen in the case of static oxidation. A representative scan line across the interface 
further confirms an abrupt decrease in the intensity of O in the tribofilm bulk. As borate 
becomes viscous at testing temperature, it is likely that out-of-track melt flows into the 
worn area and eventually form a residual layer after the high-temperature test. By 
assuming uniform elemental distribution in the residual layer, compositional differences 
between the tribologically-generated boundary film and the reference glass bulk can be 
demonstrated. Therefore, it can be deduced that the interface chemistry experienced 
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As suggested that the interfacial film mainly comprises of B, SIMS was employed to 
provide supportive evidence. SIMS has been widely used in characterization of structurally 
layered materials. In this case, depth profiles of B and Na are given in respect to Fe to 
determine the gradient changes across the interface (Figure 5-9). As expected, the melt 
elements (B and Na) concentrate on the interface and their intensities share a similarly 
decreasing pattern as sputtering time increases. In contrast, Fe initially starts with 
negligible intensity which increases sharply to a stabilization stage after 1000s of 
sputtering. It is noted that the profile was extracted from the contact interface including a 
residual layer with an estimated sputtering rate of 0.43nm/s. The gradient changes are 
Figure 5-8: a) STEM-HAADF image of the worn track area, b) a scan profile 
across the interface and c) corresponding EDS mapping of Na, O and Fe. 
 (Yellow line represents scanning direction) 
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attributed to not only element distribution within the residual film, but also to the 









At elevated temperatures, oxidation of metals is accelerated by the deposition of melted 
salt [135]. The hot corrosion may involve fluxing action of the protective oxides initiated 
by potential chemical reactions between heterogeneous phases. The underlying mechanism 
is primarily governed by the physical chemistry of the melt. As previously stated in 
Chapter 4, the sodium borate melt is regarded as an ionic liquid above its melting point. 
The structural disassociation upon heating induces the formation of free Na cations and 
depolymerized boron oxide network. The equilibria correspond to the disassociations of 
borate melt components can be described as followed:  
 



























Figure 5-9: SIMS depth profiles of B, Na and Fe on the worn track  
(Dashed area approximates the interface). 
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According to the Lewis acid-base definition [136], the base is considered an electron 
donor and acid is an electron recipient when the pair is involved in a chemical reaction. 
Being analogous, the current sodium borate system therefore can exhibit base-acid 
chemistry where O2- is the charge carrier. In the binary oxides of Na2O-B2O3, Na2O plays a 
role of a base whereas B2O3 is assigned an acid from (1) and (2). As a result, the resulting 
melt is then characterized as a conducting media with the coexistence of multiple ions 
induced by the chemical equilibria. It is suggested that both acidic and basic components 







If an interface reaction occurs, it is likely to commence on the phase boundary where 
the reactants are in contact. Previous characterization reveals an amorphous thin film 
(~20nm) which is rich in Na residing on the surface of iron oxide particles (Figure 5-10). 
This arises from a reaction between the basic component of borate melt and iron oxides. X-
Figure 5-10: TEM image of the boundary interface showing a thin film of Na 
as a result of heterogeneous reaction. 
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ray powder diffraction was used to determine possible phase formation between borate 
melt and iron oxides powder (mainly Fe2O3) subject to heat treatment (Figure 5-11). The 
high specific area of oxide powder (particles size of 10~20µm) enables a higher conversion 
of the interface reaction. The mixture was heated at 800oC for 7 minutes which is equal to 
the exposure duration in tribological/oxidation test. It can be seen that apart from the 
expected dominance of Fe2O3, XRD pattern of the heat-treated mixture shows relevant 
peaks attributed to NaFeO2 at 20.6
o and 22.9o [137]. Due to the fact that the reaction layer 
is only confined on the oxide interface, the resulting phase constituent is thus inferior to 
the iron oxides. Ryutaro et al. [138] attempted to measure the solubility of Fe2O3 and 
Cr2O3 in a fused mixture of Na2B4O7-B2O3 under air atmosphere. While Cr2O3 exhibits a 
negligible solubility due to its superior corrosion resistance, Fe2O3 displays a magnitudes-
higher value caused by a proposed basic dissolution which aligns with the present study. 
The interfacial adsorption of Na can alternatively be attributed to the ionic attraction 
between positively-charged Na ions and the oxides surface featured with a high O density. 
This occurs regardless of the presence of external shearing and pressure. With respect to 
the acidic component, it is less likely for boron oxide to chemically react with Fe2O3. 
Theoretically, Hematite can be considered as a weak base due to its unwillingness to 
liberate oxygen while B2O3 is a weak acid, the reaction between such two reactants is not 
thermodynamically favorable. It can be deduced that the basic dissolution is the primary 
reaction in the hot corrosion of borate melt and can be described as followed:  
2 2 3 2 (3)Na O Fe O 2NaFeO   
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As the interface reaction plays a critical role in inititating the dissolution of iron oxides, 
other factors can further facilitate the fluxing action of the grown scale microscopically. 
The metallography of the grown scale can determine the contact morphology when 
exposed to a borate coating. Figure 5-3 illustrates clearly the grain-like structure of the 
oxide scale coated by borate. Being a viscous liquid, the borate melt is able to infiltrate 
through the grain boundaries among sub-micron oxides particles aided by capillary force 
and density difference. Eventually, the fluxing action can result in an involvement of 
substantial oxide particles in the melt bulk, interface roughening and potential loss of the 








In general, a tribo-test progresses in two consecutive stages: a running-in period 
followed by a more steady stage. The initial running-in period produces a high and 
unstable coefficient of friction (COF) where the contacting surfaces experience continuous 
changes in their primary topographies, microstructures and chemical compositions with 
Figure 5-11: XRD pattern of a) iron oxides and b) 
thermally treated borate-iron oxides 
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probable involvement of third-body particles.  On the other hand, the steady stage indicates 
that the rubbing interfaces reach equilibrium state mechanically and chemically (Figure 5-
12). Particularly under lubrication condition, the COF plays an important role in judging 
the lubricant performance which depends closely on the effective tribofilm formation. 
Detailed chemical analysis was performed from the lubricated area where interface 







External oxidation occurs when the outwardly-migrating Fe ion reaches the interface 
and reacts with adsorbed oxidizing species while internal oxidation occurs when the 
oxidaizing species penetrate through the protective scale then react with the base metal [7]. 
As a result, the oxide scale thickens progressively. The borate tribofilm generated on the 
interface is characterized by a significantly low O density, thus has a great potential in 
mitigating the oxidation severity. The borate tribofilm is capable of inhibiting O diffusion 
onto the interface which is one determining factor in oxidation kinetic. If oxidizing species 
Figure 5-12: Friction coefficient curve from lubricationt test 
of borate on steel/steel contact (800oC, 10N, 0.1m/s) 
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manage to infiltrate through the boundary film, their adsorption probability wil be hindered 
by the dense and continuous film of Na. In addition, the outward migrating Fe is likely 
curbed by the Na film. By obstructing the pathway of reagents transport, the tribofilm can 
play a role as an effective anti-oxidation layer.  
Figure 5-13 illustrates cross-sectional view of the steel substrate exposed to different 
conditions with corresponding element profiles. It can be seen that the grown scale under 
borate lubrication is the thinnest (8~10µm) despite signs of interface damages. In the case 
of borate-coated sample without tribology contact (Figure 5-13b), the melt/oxide scale 
interface appears rougher and the scale is 2~3µm thicker than that on the worn area. Lastly, 
the oxidation of bare steel substrate (no lubricant coating, no tribology contact) yields an 
uniform scale with the greatest thickness of 16µm. Compared to the unprotected substrate, 
borate coating can prevent the oxidation of steel substrate in some extent due to its ability 
to separate physically the substrate and oxygen in the atmosphere. On the lubricated 
substrate, the interface benefits substantially from the oxidation resistance of O-depleted 
boundary film and produces the thinnest oxide scale although the wear loss can not be 
underestimated. Ultimately, due to its favorable locality, the tribofilm not only imposes an 
anti-oxidation capacity on the disc surface but also on the opposing surface. When the 
normal load was increased up to 30N, the sodium borate melt still retains its oxidation 
resistance on the sliding surface, as shown in Figure 5-14. 
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Figure 5-13: Cross-sectional view of the steel subtrate lubricated by 
borate (a),  coated by borate (b) and under pure oxidation (c) at 800oC 
(Intensity unit is counts) 
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The interface chemistry of borate melt/oxidized steel was revealed and the influences of 
ribological exposure on the boundary region were also understood. Some conclusions can 
be drawn from this chapter as listed bellowed: 
 The oxidation reaction of borate melt on oxidized steel is characterized by the 
interface reaction and fluxing action of the oxide particles; 
 The formation of thin Na film on iron oxide interface is observed regardless of the 
presence of shearing stress; 
 Tribological exposure leads to the tribofilm formation which is significantly 
depleted in Oxygen; 
 The tribofilm formation enhances oxidation resistance by reducing the oxide 
growth.  
Figure 5-14: Variation of oxide scale thickness under free 
oxidation, borate-coating and borate lubrication at different loads 
(800oC, sliding duration of 5mins, sliding velocity of 0.1m/s) 
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CHAPTER 6: 
The role of Na in the lubrication behavior  
of sodium borate 
* This chapter content was published in RSC Advances, 2018, 8, 28847-28860. 
It has been acknowledged that the chemical makeup of the tribofilm, often quite 
complex in its nature, plays a crucial role in the lubricant performance at high temperature. 
The compositional complexity can originate from the diverse elements involved in the 
tribosystem (from lubricant, additives, contact surfaces and environment) and also the 
structural gradients that exist across the tribofim thickness. In engine oil, the ZDDP (Zinc 
DialkylDiothioPhosphate) additive creates a hierarchically-structural tribofilm in which 
functions of individual elements still draws plenty of debate till now [139].  
As previously stated, melt lubricant can be formulated from two primary constituents: 
alkaline (or alkaline-earth) element and glass-forming compound. Each of the components 
has certain roles in defining the overall physico-chemical characteristics of the melt at 
elevated temperature. Condensed polyphosphate (P2O5), boron oxide (B2O3) and silicon 
oxide (SiO2) are the most fundamental network-building blocks. These structural groups 
are the foundations of polymeric nature that renders thermal stability and high transition 
point. The introduction of cationic moieties modifies the degree of polymerization which 
helps tuning melting temperature and viscosity. The relative ratio between the two 
constituents dictates high-temperature behaviors of the melt and there have been plenty of 
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studies dedicated to this close relationship [111, 118, 140, 141]. On the rubbing interfaces, 
how each component responds to tribological stimulation might determine the overall 
lubrication mechanism. For instance, Cui et. al. found that depolymerization of phosphate 
network is associated with the good wear resistance of sodium polyphosphate as the tribo-
chemical reactions can eliminate the formation of abrasive wear on sliding steel pair [142-
144]. In addition, they also revealed differential polymerization/depolymerization tendency 
of a range of sodium polyphosphates (ortho-, pyro- and meta-) due to their original 
chemical structure which greatly affects the tribological behaviors. 
Under sodium borate lubrication, the tribofilm formation was evident in previous 
chapters. The current chapter aims to investigate the tribological impacts of sodium (Na) in 
borate lubrication at elevated temperature by the pin-on-disk testing. Friction and wear 
characteristics under pure B2O3 lubrication were evaluated in comparison to those of its 
Na-bearing counterpart, the binary system of Na2O-B2O3. The locality of the Na and its 
gradients on both sliding interfaces were analyzed to reveal its roles in the lubrication 
mechanism. Effects of the microstructure of the iron oxides on the interfacial phenomena 
were also taken into account.  
 Experimental details 
 Lubricant preparation 
In the high-temperature friction test, boron oxide (B2O3) and sodium borate were 
chosen. XRD pattern indicates crystalline structure of the starting B2O3 at room 
temperature (Figure 6-1). Thermal behaviors of boron oxide were previously studied as the 
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material shows a well-defined transition point of 450oC [145, 146] while sodium borate 
has a melting point of 525oC as shown in Chapter 4 (Figure 4-3). An aqueous solution of 
5% wt. was prepared for the friction test. Despite the formation of boric acid (H3BO3) by 
the reaction with water, the compound subsequently melts and  results in a glassy boron 
oxide [145] at the testing temperature (here 800oC). The final composition of the sodium 
borate melt is simplified as Na2O-B2O3 upon melting at 525
oC (Figure 4-3). Thermal 
transitions of the concerning lubricants are described as followed: 
o
Melting
3 3 2 3 2
100 200 C Melting
2 4 7 2 2 4 7 2 2 3Dehydration
2H BO B O 3H O















 Tribopair preparation 
C Si V Cr Mo W Ni Mn Fe 
2.0 0.99 4.00 4.85 4.47 3.40 0.78 1.26 Remainder 
Table 6-1: Chemical composition of HSS (weight %) 
Figure 6-1: X-ray diffraction pattern of boron oxide 
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As High Speed Steel (HSS) has been commonly used as the work roll material in hot 
rolling practice [147-149], the current chapter employs HSS as the upper pin. The nominal 
chemical composition of HSS material is shown in Table 6-1. The fractional volume of 
metal carbides is estimated at around 9-12% by using phase compositional analysis from 
EDS mapping (AZtec 3.3 Oxford Instrument). The multi-alloyed material consists of 
metallic matrix and precipiated carbides as shown in the XRD pattern (Figure 6-2). It is 
noted that MC simply stands for Metal Carbides since XRD single-handedly is not able to 
distinguish carbides with different stoichiometry [150]. However, classification can be 
made through microstructure observation [151] and the signature morphologies of 
corresponding carbide are illustrated in Figure 6-3a, 6-3b and 6-3c. On a polished HSS 
substrate, AFM height profile (Figure 6-3d) details protruding drenditic features of the 
carbide from metallic matrix due to the greater hardness of the carbide. Figure 6-4 shows 










Figure 6-2: X-ray diffraction pattern of HSS 
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The HSS pins were fabricated out of an industrial work roll without heat treatment. 
They are wire cut into cylinders then one end is machined by a ceramic tip to achieve a 
6.35mm-diameter hemispherical end with an average roughness of 1µm. Total length of 
the HSS pin is 4mm. The metallic matrix has a hardness of 8±0.6GPa and a Young 
modulus of 222±5GPa while the corresponding values for carbides are 19±3.26GPa and 
300-373GPa depending on carbide type. Commercial stainless steel (SS316, hardness of 
4.3GPa, Young modulus of 180GPa) was chosen as the rotational component in the hot 
friction test. The SS316 round disc is 3mm thick with a diameter of 50mm and its surface 
was polished to achieve a roughness of 1µm. Mild-carbon steel was also used in this work 
to reveal the effect of different oxide microstructure on lubrication. The steel pairs were 
ultrasonically cleaned by ethanol and acetone prior to each friction test. 
Figure 6-3: SEM micrographs of different carbide morphologies a) MC, 
 b) M2C, c) M7C3 and d) AFM height profile of a polished HSS subtrate 
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 Friction test 
High-temperature friction test was performed on the Bruker UMT2-CETR ball-on-disc 
tribometer. The testing procedure was slightly different from previous chapter as the pin 
was pre-oxidized for a fixed duration prior to sliding. The SS316 disc was first installed 
into the furnace chamber followed by heating to 800oC. Once the furnace temperature 
reached the set point, the upper stage carrying HSS pin was automated to descend to a 
distance of 3mm away from the disc surface. Pre-oxidation of HSS pin lasted for 10 
minutes. During this stage, the disc rotated at 5rpm to ensure uniform heat distribution. 
Lubricant solution was dropped onto the heated disc at 2 minutes before contact 
engagement with a rate of 0.01ml/s. The sliding velocity was kept constant at 0.1m/s while 
Figure 6-4: Elemental mapping of a polished HSS surface 
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testing duration was fixed at 5 minutes. The applied load varied from 10-40N (with an 
interval of 10N) corresponding to the maximum Hertzian contact pressure ranging from 
1.14GPa to 1.84GPa (Equation 4-1). When the friction test finished, the tribopairs were 
retrieved immediately and cooled in the air to prevent further oxidation and preserve the 
intrinsic chemical state of the contact interfaces.  
 Characterization 
The wear loss volume of the track was measured by a Surface Profiler (Hommel Etamic 
W10, JENOPTIK). X-ray Diffractometer (GBC MMA) was used to determine crystalline 
structure of the as-received lubricant powders and HSS material. An Atomic Force 
Microscopy (Digital Instrument Dimensions 3100) was employed to generate height 
profiles of polished HSS substrate and lubricated track. Morphologies of the worn surfaces 
were examined by the same routine in Chapter 4 and Chapter 5. As EDS mapping is not 
effective in resolving the presence of Boron, EELS was used to detect the element on the 
lubricated sliding surfaces.  
 Result 
 Lubrication performances of B2O3 and binary system Na2O-B2O3 
Figure 6-5a illustrates friction coefficient curves of steel contact exposed to different 
lubricating melts: pure B2O3 and binary system Na2O-B2O3. The normal load was kept at 
10N in these tests. Under B2O3 lubrication, the curve displays an increasing trend 
accompanied by an intense fluctuation of the friction coefficient ranging from 0.4 to 0.6. 
The frictional behavior resembles unlubricated sliding contact between steel counterparts 
  
 CHAPTER 6: 
 
  Page | 95 
 
which is typically characterized by high friction [24, 152]. Despite using different mating 
material, Chapter 4 also confirms high friction coefficient from unlubricated steel pair 
(GCr15/Mild steel).  In stark contrast, after only 25 seconds of running-in period, the 
tribopair lubricated by Na-containing B2O3 exhibits a steadily low COF of 0.12 thorough 
the rest of the test. A comparison of wear volume losses (Figure 6-5b) indicates a 
significant difference in anti-wear capacity of the concerning lubricants. The sole B2O3 
lubrication demonstrates a relatively poor wear resistance, yielding a volume loss of 0.34 
mm3 which is 9 times greater than the case where Na was involved in the melt. It can be 
deduced that the addition of Na exerts remarkable influences on B2O3 lubrication as the 








Figure 6-6 presents SEM micrographs and the relevant X-ray analysis of the disc worn 
surfaces lubricated by lone B2O3. The wear track appears broad and deep filled with 
surface damages parallel to the sliding direction. Higher magnification image (Figure 6-6b) 
reveals severe pitting and ploughing while scratching is considered as the most 
predominant damage type. EDS spectrum extracted from inside the wear track reveals no 
sign of B but only elements associated with oxidized steel including Fe, Ni and O. The 
Figure 6-5: a) Friction coefficient curves of HSS/SS316 pair lubricated different 
melt systems and b) corresponding wear loss volumes on the disc 
  
 CHAPTER 6: 
 
  Page | 96 
 
high intensity of O suggests adverse oxidation that occurred on the rubbing surface. Melt 
elements B and O are only detected outside of the worn area while there is no trace of Fe. 
A further examination of Figure 6-6a points out that the vicinity of the wear track looks 
much brighter than the contact area due to the charging effect of B2O3 whose electronic 
conductivity is very poor [153]. This stems from the accumulation of incident electrons on 
B2O3 surface which subsequently reflects all the incoming beam and eventually results in 
visually ambiguous contrast. It is deduced that B2O3 melt was unable to withstand the 
stressed shearing on the contact area and subsequently squeezed out to both sides of the 
sliding track. As a result, the steel tribopair became fully exposed without lubrication so 
direct asperities contacts evidently result in rising friction, excess wear loss and severe 
worn morphologies [24, 152, 154]. Figure 6-7 displays the contact surface of opposing SS 
pin lubricated by B2O3. A higher magnification image shows aggregation of smearing 
glaze which could be transferred from the countered surface. As the pin material is very 
hard, it does not wear significantly and results in a worn circle on the contact area similar 
to that in Chapter 4. Instead, the most dominating wear occurrence is adhesive wear and 
material transfer. EDS mapping reveals an oxidized pin surface without any trace of 
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The lubrication failure of B2O3 is demonstrated by worn surface morphology coupled 
with underwhelming friction and wear behaviors. Despite having liquid-like behavior, 
B2O3 melt was not able to bear the shearing stress which could be due to its weak 





Worn morphologies and the corresponding EDS analysis of the steel tribopair lubricated 
by binary system Na2O-B2O3 are given in Figure 6-8. Contrary to what observed in B2O3 
lubrication, both rubbing surfaces share a common theme of being free from any kind of 
Figure 6-7: a) Worn morphologies of HSS pin lubricated by B2O3 and 
 b) higher magnification of the contact area 
Figure 6-6: a) Worn morphologies of SS316 disc lubricated by B2O3, b) 
magnified image of the track and c) EDS spectrum collected from inside and 
outside the track 
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surface damages. X-ray spectrum clearly points out chemical fingerprints of the melt 
lubricant including B, O and Na alongside a minor trace of Fe on both worn surfaces. The 
presence of lubricant elements on the wear track after friction test suggests that the binary 
system Na2O-B2O3 was able to endure the tribological exposure without being squeezed 
out. This attribute is the most critical factor for sodium borate superior lubrication 
compared to B2O3 melt. The addition of Na into B2O3 clearly has a significant impact on 











Figure 6-8: Worn morphologies of steel pair lubricated by binary system 
Na2O-B2O3 and the corresponding EDS spectrum a) SS316 disc, b) HSS pin 
(S.D = sliding direction) 
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A series of hot friction test with increasing load was conducted to determine the load-
bearing capacity of Na-containing B2O3 melt. Figure 6-9 plots the average friction 
coefficients and disc loss volumes as a function of applying load while other parameters 
are kept unchanged. It is evident that both friction and wear loss volumes increase 
progressively as the load rises. Under 10N of normal load, the friction coefficient is 
recorded as the lowest value of 0.12 among those tested. Likewise, SS316 disc yields the 
least amount of worn loss volume of 0.063 mm3. As the load increases, both figures exhibit 
a similar increasing trend. At 30N, the friction coefficient climbs to 0.14 while the worn 
loss volume nearly doubles compared to what recorded at 10N. Under the highest load 
(40N), the Na2O-B2O3 melt seemingly fails to perform as the tribopair generates the 
highest coefficient of 0.31 which closely approaches the characteristic friction of 
Figure 6-9: Variation of average friction coefficient and disc loss volume 
versus increasing load under Na2O-B2O3 lubrication 
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unlubricated contact [24]. Furthermore, the disc wears by an amount of 0.3mm3 which is 
nearly 3-fold of the 30N testing point.    
Characterization by SEM/EDS on the worn surfaces lubricated by Na2O-B2O3 at 20N 
and 30N was performed and reported in Figure A-11 and A-12 (Appendices). Those worn 
morphologies display identical features to those at 10N with no sign of surface damages 










The sudden disruption in friction/wear behaviors at the highest load 40N suggests 
lubrication failure and surface examination of the worn pairs is given in Figure 6-10 to 
provide further evidences. It can be recognized that both contact surfaces reveal different 
worn morphologies compared to those under successful lubrication at lower loads. There 
are signs of scoring damages parallel to sliding direction in conjunction with minor 
delamination on the wear track (Figure 6-10a). The opposing surface exhibits several types 
Figure 6-10: Worn morphologies of steel tribopair lubricated by Na2O-B2O3 at 
40N and the corresponding EDS spectrum a) SS316 disc, b) HSS pin 
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of damage ranging from adhesive wear to plastic smearing (Figure 6-10b). The 
corresponding EDS spectrum suggest oxidized contact areas with the absence of B and 
only small amount of Na. Figure 6-11 illustrates AFM image of the worn track at the point 
of lubrication failure (at 40N). The nano-grain morphology belongs to the exposed oxide 
scale grown on stainless steel [66] and will be confirmed in the following analysis. As the 
lubricant film was likely destroyed, the sliding contact became unlubricated which resulted 
in incremental friction and wear losses (Figure 6-9). As sole B2O3 evidently failed to 
lubricate at the lowest load, it can be predicted that the melt is not able to perform under 
harsher conditions. The addition of Na into B2O3 not only radically reverses the lubricity of 










Figure 6-11: AFM height profile of the wear track after the friction test 
under Na2O-B2O3 lubrication at 40N 
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 Contact interfaces lubricated by binary system Na2O-B2O3 
In order to gain better insights into the positive influences of Na addition, 
microstructural and chemical analysis of the rubbing interfaces were provided. The 
examinations were carried out on both steel tribopairs lubricated at 30N while the binary 
















Figure 6-12 shows STEM-BF image and the associated EDS analysis of the immediate 
sliding interface on SS316 disc lubricated by the binary melt Na2O-B2O3 (presence of B 
will be confirmed by the subsequent EELS analysis). There are two distinct regions which 
Figure 6-12: a) STEM-BF image of contact interface on SS316 disc 
lubricated by Na2O-B2O3 at 30N, b) EDS mapping and c) EDS line scan 
across the interface (yellow arrow indicates scanning direction) 
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can be differentiated by their contrasts. The bright upper layer can be assigned to the 
lubricant melt while the underlying counterpart with grain-like characteristic can be 
designated to the iron oxide scales. It can be observed that the immediate sliding surface is 
composed of fine oxide grains whose lateral dimension is below 50nm. In addition, there 
are also signs of voids and pores within the oxide scale which are considered as intrinsic 
features in the oxide microstructure grown on alloyed steel at high temperature. EDS 
mapping apparently differentiate the oxide scales from the overlying lubricant layer. Fe 
signal is more intense in the oxide scale while O density appears much higher in the oxide 
scale than in the lubricant melt. Na exhibits an interesting distribution pattern as the 
element concentrates heavily on top of the iron oxide surface to form a continuous film. 
The representative EDS scan is provided to underline the existence of Na-rich film by the 
sudden increase in the Na signal when it approaches the oxide scale. The thickness of this 
Na film is estimated around ~50nm. Due to its relative position on the sliding interface, the 
Na film can play a pivotal role in prohibiting immediate asperity contacts, particularly 
under boundary lubrication regime. In addition, Na is also detected underneath the 
immediate sliding surface. It tends to distribute among the subsurface voids and pores, 
although it is less dense than the interfacial film (Figure 6-12b). At high temperature, the 
inward infiltration of lubricant melt could be due to the extreme stressed shearing in 
combination with the voids formation within the oxide microstructure of SS316. On the 
other hand, O looks depleted just above the Na-rich film. Apart from the predominant iron 
oxides, the oxides of Ni and Cr are also formed since the elements are typically included in 
stainless steel composition for improved oxidation resistance. 
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Boron was detected at the sliding interface and its chemical fingerprint is given in the 
EELS spectrum (Figure 6-13). The characteristic excitation edges are located at 195eV and 
204eV corresponding to the π* and σ* transition, respectively [113-115] which indicate the 





























Figure 6-13: EELS spectrum of B K-edge on the contact interface of SS316 
disc lubricated by Na2O-B2O3 at 30N 
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A similar characterization routine was accomplished on the opposing HSS pin and the 
outcomes were shown in Figure 6-14. The BF image illustrates 2 different regions with 
varying contrasts, a top transparent layer of lubricant melt residing on the oxide substrate. 
In addition, there appears a very thin boundary film with a distinct contrast running along 
the oxide interface. Again, the grain-like morphology of the oxide scale is visible. 
However, the HSS oxide scale appears tightly compact as the oxide scale look very dense 
without any sign of internal porosity. This could be attributed to the superior oxidation 
resistance and excellent mechanical properties of HSS material. EDS mapping reveals the 
Figure 6-14: a) STEM-BF image of contact interface on HSS pin 
lubricated by Na2O-B2O3 at 30N, b) EDS mapping and c) EDS line 
scan across the interface (yellow arrow indicates scanning direction) 
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apparent boundary between the two contacting phases as Fe and O are predominantly 
found in the oxidized surface while the upper layer contains a significant amount of Na. In 
accordance to the elemental mapping, the interfacial film in BF image turns to be rich in 
Na with an approximated thickness of ~50-60nm. The penetration of Na appears less 
significant compared to what occurred on the opposing SS316 surface. The chemical 
signature of boron on the interface was detected and presented in the EELS spectrum 







TEM image capturing the HSS contact interface on a wider field of view is given in 
Figure 6-16. Despite having a similar contrast with the lubricant layer, Na-rich film can be 
readily distinguished as a thin continuous layer superimposing on the oxide surface. In 
addition, it can be observed that the nano-sized grains are rigidly held together with no 
voids among them. Electron Diffractions (ED) of both contacting phases are shown in 
Figure 6-16. The lubricant layer expectedly produces a diffusive ring suggesting 
amorphous nature of the binary borate melt. On the other hand, a ring-like ED pattern was 
Figure 6-15: EELS spectrum of B K-edge on the contact interface of 
HSS pin lubricated by Na2O-B2O3 at 30N 
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collected on the oxides side which implies polycrystalline nature of the oxide scale. In this 
chapter, ED was only used to confirm the polycrystalline nature of the oxide scale without 
emphasis on further analysis. Chapter 7 uses extensively ED to investigate the oxide 
microstructure in which detailed ED pattern processing routine and other relevant analysis 










One aspect that makes high temperature tribology distinct from that at a lower 
temperature is the oxidation of mating surfaces. In the air atmosphere, high temperature 
leads to growth of oxide scale which acts as a protective layer against further oxidation [7]. 
As a result, the tribology contact involves two oxidized surfaces whose chemistry was 
greatly altered by the abundant presence of Oxygen. Even at low/moderate temperature, an 
oxygenated surface could have a totally different reactivity towards additives elements 
Figure 6-16: a) TEM image of the lubricated HSS pin showing the 
interfacial Na-rich film and Electron Diffraction of b) the lubricant film, c) 
the oxide scale 
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compared to an oxygen-free surface. Jun et al. discovered that treating a TiAlV alloy with 
an oxygen-diffusion process stimulates the formation of ZDDP-based tribofilm which in 
turn reduces the wear rate by up to six orders of magnitude [156]. In addition, mechanical 
properties and microstructure of the developed scale are also believed to play a significant 
role in the tribological behaviors. 
As clearly stated in Chapter 4&5, there is a coexistence of covalent and ionic bonding in 
the binary system Na2O.B2O3 upon melting. The former is assigned to B-O-B network 
while the latter refers to the Na-O interaction. The addition of Na introduces ionic 
characteristic into otherwise purely covalent B2O3 melt. With small atomic radius and high 
mobility, the electrophilic Na cations are attracted by the oxidized steel where electron 
density is high due to the presence of Oxygen. The strong adsorption of cationic Na 
renders the binary system a superior affinity towards iron oxide surface than its Na-
excluding counterpart. It is exhibited by the formation of continuous Na-rich layers 
residing on both contact surfaces as observed in Figure 6-12 and Figure 6-14. On one hand, 
the interface reaction can enhance the wettability of the binary melt on oxidized surface in 
a similar fashion to hydro bonding on most hydrophilic surfaces [157, 158]. On the other 
hand, it also helps the Na2O-B2O3 melt to sustain the stressed shearing on the interface and 
subsequently function as an effective lubricant. This is the primary foundation for the 
excellent lubricating properties of the binary melt including friction reduction, wear 
resistance and high load-bearing capacity. Under boundary lubrication, direct asperity 
contacts can be mitigated by the boundary film which results in low wear rate and low 
friction. The extended load-bearing capacity could be attributed to the robustness and 
resilience of Na thin film. At room temperature, electrolytic lubricating medium reportedly 
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demonstrates promising performance [120, 159-161] and surface adsorption is claimed to 
be the fundamental factor for such behaviors. In addition, some believed that the repulsion 










Beside the chemical origin of the lubricant melt, the effects of microstructure of the 
grown oxide scale on lubrication mechanism also deserve consideration. It was evident that 
the mating surfaces are comprised of ultrafine oxide grains which are well-known for their 
high strength [124, 162]. On the sliding interface of the disc, disintegration of the scale 
microstructure was shown with voids formation among the oxide scale bulk (Figure 6-12). 
The liquid-like lubricant melt is drawn into the subsurface region evidenced by the 
migration of Na into the internal structure of the deformed scale (Figure 6-17). This could 
arise from intense capillary forces in combination with shearing stress. The lubricant 
infiltration effectively creates pocket reservoirs which could extend the loading capacity of 
the binary melt (Figure 6-9). When the outermost oxide surface wears out during sliding 
contact, the melt lubricant hosted in the subsurface scale emerges to provide healing effect.  
Figure 6-17: Infiltration of Na into the SS316 surface  
under Na2O-B2O3 lubrication (at 30N) 
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In addition, this could also result in a lower shearing stress of the whole oxide scale. On 
the opposing HSS pin surface, the Na infiltration appears to be less significant as the oxide 
scale shows exceptional coherence despite experiencing constant tribological exposure. 
This is due to the inherent properties of HSS since the material composition enables 
strengthened oxidation resistance and mechanical attributes. 








The microstructure of the oxide scale evidently dictates the adsorption manner of Na 
cation. Chapter 5 revealed a thin layer of Na on oxidized mild-carbon steel with an 
estimated thickness of ~20nm (Figure 5-10b) which is less than what observed on both 
HSS and SS316 surfaces (~50-60nm). Since mild-carbon steel tends to develop large 
grains of single-crystalline oxides (Figure 5-10b) upon high temperature oxidation [163, 
164], their specific surface area is implicitly lower than that derived from oxidized steel 
with nano-grain morphology. This is equivalent to lesser attractive sites for Na adsorption 
which leads to the development of a thinner Na film on oxidized mild steel. It is expected 
that the lubricant melt requires a robust supporting oxide scale to function effectively. 
Figure 6-19 illustrates difference in friction/wear behavior of different mating steel pair 
Figure 6-18: a) Na-rich film on oxidized mild-steel and b) the 
corresponding ED pattern of the oxide (Chapter 5) 
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under binary borate lubrication. While HSS/SS316 shows good lubricity and low wear rate 
at both testing load, the HSS/mild-carbon steel (MC) appears to fail at both conditions. As 
the oxide scale on SS316 has a good adherence with the steel base due to the formation of 
Cr-rich layer (evidenced in Figure 6-17), it provides a strong foundation for an effective 
lubrication. Plenty of studies have proved the superior adhesion strength of the oxide scale 
grown on Cr-containing steel [165-167]. On the other hand, oxide scale grown on mild or 
low-carbon steel often demonstrate weak adhesion with the steel base due to the absence of 
the reactive elements (Cr, Al, Si…) [7]. The lack of strong supporting oxide scale results in 
the lubrication failure which is indicated by high wear loss and high friction coefficient 










B2O3 singly provides little or no lubrication effect and this poor behavior could be 
attributed to its inertness towards iron oxides. Since B2O3 is considered as a weak acid 
while iron oxides are also regarded as weak bases on the basis of chemical hardness theory 
Figure 6-19: Friction/wear behaviors between different tribopair 
 under borate lubrication at 800oC 
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[168], reaction between those two bodies is unlikely due to unfavorable thermodynamic. 
By classifying the lubricity of different oxides systems based on a crystal-chemical model, 
Erdemir [155] found that B2O3 has little or no chemical interaction with other cations in 
the tribosystem due to its high ionic potential. However, the role of B2O3 in the lubrication 
performance of the binary system cannot be undermined. As a structural-building block, 
boron oxide provides the viscous characteristic with low shearing strength for the binary 
melt. The fluidity rendered by boron oxide also facilitates the transport of lubricant into the 
contact area and subsequently allows Na absorption on the oxidized surface, which has 
been proven critical for the lubrication performance.  
 Conclusions 
The current chapter aims to refine the role of sodium on the tribological behaviors of 
binary oxides Na2O-B2O3 on coupled steel pair HSS/SS316 at 800
oC. There are some 
concluding remarks which can be found as followed: 
 Addition of Na into pure B2O3 drastically improves the lubrication performance 
of the beneficiary; 
 The binary system Na2O-B2O3 also exhibits a good load-bearing capacity; 
 Adsorption of Na onto both contact surfaces close to the iron oxide surface is the 
driving force for the excellent lubrication performance of sodium borate; 
 There is a close relationship between Na film thickness and the oxide 
microstructure; 
 Oxide scale grown from stainless steel proves a better foundation for lubricant 
adsorption. 
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CHAPTER 7:  
Borate melt as a sticking-scale inhibitor  
on a High Speed Steel surface 
* This chapter content was published in Tribology International, 2019, 140, 105860 
Apart from friction/wear concerns, material transfer between work roll and workpiece 
can result in detrimental consequences during tandem hot rolling. The roll surface can be 
covered by a layer of sticking oxide which originates from the workpiece surface in 
reheating stage. As the transferred scale thickens, it is prone to peeling-off which results in 
roll banding and the quality of rolled products is significantly deteriorated from the 
emerging defects [27, 169]. In fact, the sticking occurrence could be due to poor oxidation 
management in the reheating stage and ineffective lubrication in subsequent rolling 
proceses. 
 High speed steel (HSS) is a specialized micro-alloyed material which has been widely 
used as the work roll due to its high hot hardness and exceptional wear resistance at high 
temperature. Much effort have been made to evaluate the tribological properties of HSS in 
various operating conditions. By using a dry rolling-sliding configuration on HSS/carbon 
steel tribopair, Pellizzari [152] correlated the low wear rate of HSS roll with its high 
hardness while wear mechanism was claimed to be a complex combination of adhesion, 
abrasion and tribo-oxidation. On the contact surface, the formation of an oxide layer was 
believed to transition friction/wear characteristics into a milder regime which otherwise 
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would be severe if direct metal-metal contact occurs. In the case of pure sliding contact, 
transferred oxide scale is also observed on HSS surface when it pairs with mild steel [23, 
24] and ferritic stainless steel [170, 171] at elevated temperature.  
The current chapter specifically focuses on the wear characteristics of HSS surface 
under sliding contact at high temperature in the presence of sodium borate. Stainless steel 
is chosen as the counterpart material since it exhibits great sticking tendency in actual hot 
rolling process [169, 172]. The normal load was chosen (5N) to generate a maximum 
contact pressure of 0.9GPa which is close to actual parameters in hot rolling [173]. 
Besides, the effects of lubrication on oxidation behavior of the subsurface oxides are also 
revealed.  
 Experimental details 
 Materials preparation 
Material selection for the tribotest is similar to Chapter 6 as HSS was chosen as the pin 
and Stainless Steel 316 (SS316) was selected as the disc material. The mechanical 
properties and chemical composition of the steel tribopair remain unchanged. The disc 
surface was ground and polished to achieve an average roughness of 0.1µm. The HSS pin 
has a hemispherical diameter of 6.35mm with a roughness of 1µm. The steel pair was 
cleaned with ethanol/acetone prior to friction test. A 5% wt. aqueous solution of sodium 
borate was prepared for lubrication test.  
 Friction test 
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Hot friction test was conducted on the UMT2-CETR pin-on-disc tribometer. The disc 
sample was first placed in the furnace followed by a series of heating sequences to avoid 
overshooting. Once the  set temperature was reached, the HSS pin was lowered to a 
distance of 2-3mm above the SS316 disc surface. HSS pin was oxidized for 10 mins prior 
to sliding. A thermocouple was embedded into the pin body (with a distance of 2mm to the 
contact surface) to monitor its temperature. As illustrated in Figure 7-1, the temperature of 
the pin sharply rises after the first 5 mins followed by stabilization at 695oC. An 
engagement of the steel pair further increases HSS surface temperature to nearly 700oC. 
The heating program was designed to represent actual working condition in which HSS 
surface temperature typically lies between 650oC and 750oC during hot rolling  [24, 174]. 
Lubricant was dropped onto the hot disc 2 mins at a rate of 0.01ml/s prior to sliding. Linear 
sliding velocity was kept at 0.096m/s with two different durations: 5 mins and 15 mins. 
The normal load was fixed at 5N corresponding to 0.9GPa (Equation 4-1). When friction 
test stops, the HSS pin was immediately retrieved from the furnace to avoid further 






 Figure 7-1: Temperature record of HSS pin during pre-oxidation and friction test 
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 Characterization 
An Atomic Force Microscopy (Digital Instrument Dimensions 3100) was used to 
generate height profiles of the polished HSS substrate. Worn morphologies on HSS pins 
were captured by the 3D Interferometer Optical Microscope (Bruker Contour GT-K).  
Similar to Chapter 6, microscope works were conducted to observe the worn surface 
morphologies and the cross section of the contact area. During STEM/EDS, elemental 
phase mapping was achieved by the comparison of X-ray spectrum between pixels and 
those with similar statistic are collated into one specific phase. Selected Area Electron 
Diffraction (SAED) was performed on the FIB lamellas at several locations and three 
representatives are reported. All the calibrated diffraction patterns were processed by a suit 
of software tool (DiffTools) in Digital Micrograph, a widely-known platform software for 
TEM images processing [175, 176]. Intensity profiles as a function of reciprocal distance 
were then derived, normalized and compared between different testing conditions. 
Referenced d-spacings of relevant crystallites were collected from Powder Diffraction 
Files 4+ 2018. 
 Results 
 Microstructural evolution of HSS at high temperature and its tribological 
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Since HSS is composed of two different phases (in Chapter 6), their individual 
oxidation behaviors at high temperature collectively contribute to the overall properties of 
the sliding surface. It has been acknowledged that oxidation of metal carbides are more 
thermodynamically favorable due to a low energy barrier [150, 177]. Carbide-free matrix is 
subsequently oxidized with the development of iron oxides. XRD pattern of oxidized HSS 
substrate at 700oC for 10 mins reveals a major formation of Fe2O3 and a minor fraction of 
Fe3O4 (Figure 7-2c). AFM images (Figure 7-2b, 7-2c) clearly illustrate superior growing 
kinetic of metal carbides than that of metallic matrix during high temperature oxidation. 
Nevertheless, it is expected that the native oxide scale from the metallic matrix plays a 
critical role on the contact interfaces due to their dominating proportion in the starting 
material (volume fraction of carbide is around ~9-12%).  
Figure 7-2: AFM image of HSS specimen before (a) and after oxidation  
(b) at 700oC for 10 mins,  (c) XRD pattern of the oxidized HSS 
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Friction coefficient curves generated from HSS/SS316 sliding contact are given in 
Figure 7-3. Under lubrication-free condition, it can be seen that friction coefficient 
fluctuates widely between 0.4-0.9 at the first 400 seconds before stabilizing at an average 
value of 0.23±0.05. During the running-in period, high friction coefficient is likely 
attributed to contact between hard metal oxides [171]. On the other hand, the following 
steady stage indicates potential formation of tribolayer with friction-reducing effect. It is 
evident in Figure 7-4 where transferred material on HSS pin is observable on both 
unlubricated tests, regardless of testing duration. At 5mins mark (Figure 7-4a), the worn 
morphologies are characterized by plateau build-up and progressive smearing of the 
adhered layer. As sliding test continues, the contact area enlarges with apparent flattening 
effect which consequently reduces the contact pressure. The complete formation of the 
tribo-layer significantly alleviates wear severity which can be indicated by smooth rubbing 
surface with the only damage being minor fracture in the sub-surface region (Figure 7-4d).  
Figure 7-3: Friction coefficient curves from HSS/SS316 tribopair with 
and without lubrication 
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 Figure 7-5 illustrates cross-sectional views of HSS worn surfaces along with relevant 
elemental mapping after dry sliding tests. After 5mins, by contrast difference, the 
transferred layer can be distinguished from the HSS substrate which is characteristically 
filled with carbides chunks (Figure 7-5a). The transferred layer thickness ranges from 4.5 
to 6.6µm at 5mins mark then it soars to roughly 34µm as sliding duration triples. The 
oxygen signal indicates that the adhered material is predominantly composed of oxides. 
However, there could be inclusion of stainless steel debrises in the transferred layer, 
although they were likely oxidized as the test progresses. It is noteworthy that the tribo-
oxide layer which is exclusive of any sign of carbides implies the foreign nature of 
transferred material. Although the native oxide scale developed during pre-oxidation 
accounts for a definite fraction of the oxide scale, it is conclusive that transferred (and 
Figure 7-4: Worn morphologies of HSS pin without lubrication 
 after 5 mins (a, b) and 15 mins (c, d) 
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adhesive) oxide scale to the pin is the most dominating wear occurrence on HSS surface 






 Effect of lubrication on the tribological behavior of HSS pin 
As shown in Figure 7-3, frictional behavior of HSS/SS316 sliding contact clearly 
benefits from the borate lubrication. The use of melt lubricant clearly shortens running-
period, as friction coefficient enters stabilization stage roughly after 200 seconds of 
sliding. The downward trend could be associated with the gradually decreasing shearing 
stress by the presence of the lubricant melt on the contact surface. In addition, the average 
friction is quite low at 0.1±0.02 during the steady period which is reduced by 2.3 times in 
comparison to unlubricated case. Figure 7-6 displays SEM micrograph of HSS pin surface 
after 5mins-lubrication test while the one after 15mins-test is not provided due to 
similarity. Worn morphology reveals no major damages but only a few scratches along 
sliding direction. Supporting EDS spectrum exhibits intense signals of lubricant elements 
Figure 7-5: Cross-sectional views of HSS worn surfaces without 
lubrication after a) 5mins and b) 15mins (specimens were tilted at 54o) 
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including B, O and Na with relatively weak peak of Fe which suggests a layered structure 






In order to unfold the immediate sliding interface, cross-sectional observations of HSS 
pins exposed to lubrication are given in Figure 7-7. By a contrast difference, it can be seen 
that there are 3 distinct layers corresponding to the lubricant film, oxide scale and HSS 
substrate as denoted in each image. In the case of 5mins test, it is clear that the oxide scale 
is composed of nanoparticles in the range of ~20-100nm. This is in a good agreement with 
Chapter 6. The oxide structure remains remarkably compact with no sign of cavities or 
pores. In addition, the scale has an average thickness of 0.65 µm which is approximately 
10 times lower than what observed with the lubricant-free test. There are signs of slight 
tearing damages in the HSS substrate which is likely to occur during the running-in 
process. As the sliding time increases, the scale on HSS thickens to approximately 
6~6.5µm with some microstructure changes (Figure 7-7b). However, it is still significantly 
thinner than that observed in dry sliding counterpart (which is approximately 34µm). It is 
noteworthy that the immediate oxide/lubricant interface appears fairly smooth despite 
experiencing high local pressure during the friction test (Figure 7-7). 
Figure 7-6: Worn morphology of HSS pin in lubrication test after 5 mins (a) 
and EDS spectrum (b). 
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Apart from friction-reducing effect, it is evident that sodium borate lubricant inhibits 
sticking oxide scale on HSS surface reflected by the oxide thickness reduction. After 
lubricant removal, 3D surface plots of HSS pin are given along unlubricated counterparts 
for worn morphology examination (Figure 7-8). Contrary to the apparent material transfer 
during dry sliding (Figure 7-8a, 7-8b), HSS pins practically shows no sign of adhered 
material across the whole contact areas exposed to the lubricant (Figure 7-8c, 7-8d), 
although some damages are visible in the longer duration. A closer examination reveals 
craters produced from FIB work, mostly on the top region of the worn area where oxide 
scale thicknesses were extracted.    
Figure 7-7: STEM-BF images of cross-sectional HSS pins after lubrication test 
a) 5mins and b) 15mins 
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 Effect of lubrication on iron oxides microstructure 
It is expected that the presence of a lubricant film can exert certain influences on the 
high-temperature oxidation behavior of the underlying oxide scale. Figure 7-9 shows 
cross-sectional TEM micrographs of HSS surface under different lubrication/oxidation 
conditions. Electron diffraction was performed on the FIB lamellas and the processed 
intensity profiles are also provided to determine the crystal structure of iron oxides. In the 
case of 5mins lubrication test, it is clear that the oxide scale is composed of sub-micron 
particles with the major constituent being Hematite (Fe2O3) (Figure 7-9a). As sliding times 
triples, there emerges a phase evolution as Magnetite (Fe3O4) (mostly (102), (200) and 
(016)) replaces Hematite to become the most dominant phase as evidenced in the adjacent 
profile. Similar analysis routine was accomplished on purely oxidized HSS, which was 
Figure 7-8: 3D profile images of HSS pin after dry sliding test (a-5mins, b-15mins)  
and lubrication test (c-5mins, d-15mins) 
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extracted from non-contact area after 15mins lubrication test (Figure 7-9c). There are 3 
layers in top-to-bottom order: Pt cap, oxide scale and HSS substrate with the presence of 
carbides precipitates. The oxide layer thickness varies from 1 to 2µm across the whole 
lamella while the oxidescale is largely composed of Hematite with a minor fraction of 
Magnetite as evidenced in the complementary profile. This aligns well with X-ray 
diffraction result (Figure 7-2c). Chromia (110) (Cr2O3) is also present in a fair amount 
which likely concentrates on scale/substrate interface [177, 178].  
The phase transformation over sliding time is further substantiated by the morphology 
change of iron oxide particulates. Figure 7-10 exhibits magnified TEM micrographs of the 
oxide scale formed under lubrication after increasing sliding durations. It can be seen that 
the iron oxide nanograins (with average dimension <100nm) appear to have poly facets 
when exposed to 5mins-lubrication test (Figure 7-10a). This could be the cause of the 
highly compact scale as each individual grain can accommodate geometry changes from 
the surrounding with ease, especially under the effect of shearing. The oxide grains from 
static oxidation test resemble the one achieved from 5mins lubrication test. On the other 
hand, prolonged exposure to lubrication evidently leads to shape transformation as the 
oxide nanoparticles exhibit an unambiguous cubic morphology (Figure 7-10b). The 
nanocubes seem to be geometrically distorted as a result from tribological effect. Figure 7-
10c illustrates a typical cubic oxide particle with sharp edges and indicative d-spacing of 
Magnetite (102). The Magnetite nanoparticles with such characteristic shape were found 
across the whole scale. Contrary to a compact scale observed with the shorter test, the 
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loose oxide scale with emerging voids and porosity can be attributed to the phase 















Figure 7-9: TEM images of HSS pin cross sections in a) 5mins 
lubrication, b) 15mins lubrication and c) 15mins static oxidation 
with corresponding intensity profiles from SAED 
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It has been shown (Figure 7-4) that carbides oxides are present on the pre-contact 
surface of oxidized HSS alongside iron oxide matrix. However, despite protruding through 
the oxide scale, those carbides oxide particles are likely to be ejected upon contact due to 
their poor adherence with the underlying substrate. This is justified by the total absence of 
carbides oxides on the sliding surface from cross-sectional observation (Figure 7-5).  The 
current work is in good agreement with past literatures. In their study regarding oxidation 
behaviors of HSS at high temperature under dry and wet atmosphere, Qiang et al. [177, 
178] observed various types of carbide oxides (mostly V-based) that are loosely held on 
top of a more compact scale. After conducting sliding test against mild-steel at high 
Figure 7-10: Magnified oxide microstructure after lubrication tests, 
 a) 5mins, b) 15mins and c) Fe3O4 (102) nanoparticle with indicated d-spacing 
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temperature (900oC), there was no sign of carbide-based particles on the front-most contact 
area [24]. On the other hand, the native oxide matrix is able to withstand the high shearing 
stress due to their excellent deformability and strong bonding with the metal substrate, 





The formation of the tribo-layer (Figure 7-4) is likely originated from combined effects 
of adhesive wear, particles sintering and tribo-oxidation [179]. The development of such a 
layer is largely dominated by microstructural characteristics of the associated oxide 
particles while its endurance is also a function of loading amplitude and sliding velocity. 
Previous studies on sliding HSS/mild steel pair revealed tribo-oxide layer formation and its 
subsequent disintegration [22-24]. Particle omission by spallation leads to intermittent 
coverage of the glaze layer and increases friction coefficient as a result. This might arise 
from the fact that iron oxides tend to grow into coarse particles with poor deformability on 
mild steel which undermines the tribo-layer formability. In contrast, finer oxide particles 
have been shown to accelerate the tribo-layer formation on the sliding surface [25]. Native 
oxides of highly-alloyed steel reportedly grow as nano-scale grains [108, 180]. In addition, 
Figure 7-11: a) Variation of oxide thickness on HSS pin with various 
lubricating condition and b) wear track profiles on SS316 disc after 5mins 
(below) and 15mins (above) test 
  
 CHAPTER 7: 
 
  Page | 128 
 
Chapter 6 evidently revealed the nanograin oxide scale grown on SS316 which favors 
robust establishment of the glaze layer. The consolidation rate of the tribo-layer is believed 
to outweigh the omission rate of debris particles indicated by the growing thickness of 
glaze layer over time (by nearly 6 times as sliding time extends from 5mins to 15mins). 
Although the presence of tribolayer is commensurate with friction-reducing and -
stabilizing effects, it is still considered unfavorable as it is developing at the expense of 











Figure 7-12: Worn morphologies of SS316 disc after 15mins test, (a) 
without lubrication and (b) with lubrication (below are magnified 
images, double-arrowed line indicates track width) 
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It is obvious that the employment of borate melt markedly inhibits adhered/transferred 
material on HSS pin as shown by the reduced scale thickness (Figure 7-11). The total 
reduction rate is estimated at ~88% after 5mins and ~80% after 15mins compared to 
unlubricated counterparts. Furthermore, the suppressed adhesive wear on HSS surface is 
indicative of a lower material loss on the opposing SS316 disc (Figure 7-11b) with the 
maximum reduction of 76% compared to unlubricated case. The exceptional wear 
resistance of borate lubricant is regarded as the most principle factor in the causation of 
anti-sticking behavior. Material transfer fundamentally occurs when there emerges either 
wear debris or third-body object on the contact interface. A reduced wear rate on the disc 
practically means less scale-sticking probability. Worn morphologies of SS316 disc after 
15mins tests are given in Figure 7-12 to justify the wear mechanism under different 
lubrication conditions. In the absence of borate lubricant, catastrophic damages are visible 
including ploughing, abrasion coupled with a formation of discontinuous oxide patches. In 
contrast, the borate lubrication induces negligible wear severity as indicated by a reduced 
track width alongside a smooth worn surface (Figure 7-12b). It is noted that SEM 
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Beside friction-reducing effect (Figure 7-3), the resistance against adhesive wear arises 
from an effective lubrication and it is believed that the tribofilm plays a core role in these 
desirable behaviors. The surface chemistry of the immediate sliding interface is further 
examined to reveal the lubrication mechanism. Figure 7-13 shows the cross-sectional view 
of lubricated HSS interface after 5mins sliding test alongside relevant phase and elemental 
mapping. There are 3 different phases which can be compositionally distinguished by the 
complementary phase mapping. The uppermost layer (phase 1) is assigned to the lubricant 
layer with an abundance of Na, B and O while the two underlying layers are associated 
with oxide matrix (phase 2) and HSS substrate (phase 3), respectively. On the immediate 
Figure 7-13: Individual phase spectrum and elemental distribution 
 across the lubricated HSS pin after 5mins test 
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contact interface, a localization of Na is evident in the form of a thin film with an estimated 
thickness of ~50nm. Simultaneously, O is depleted in this region which certainly alters the 
oxidation behavior of the surface underneath. This is in good agreement with previous 
chapters (4,5 and 6). The robust adsorption of Na allows the tribofilm to sustain a high 
local shearing stress without failure and constantly provide an effective lubrication over the 
whole sliding duration. In addition, the durable lubricant film can act as a physical 
boundary which ultimately prevents possible segregation of wear debris on the sliding 
interface. In the circumstances where wear debris is formed, its oxidized surface would be 
subject to Na adsorption. This would effectively prevent them from being adhered onto the 










Figure 7-14: Localization of Chromia on HSS metal base/scale interface  
after 5mins lubrication test (a) and its disintegration after 15mins test (b) 
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As stated previously, the steel chemistry also plays a definite role in the high-
temperature oxidation responses with alloying elements (Cr, Al, Si, Ni...) being introduced 
to enhance the oxidation resistance [7]. Due to their strong affinity with oxygen, oxidation 
of these sacrificial elements is more thermodynamically favorable with the development of 
an interlayer oxide [177, 178, 180-184]. Herein, SAED profiles are indicative of Chromia 
formation in the scales from static oxidation test and 5mins lubrication test (Figure 7-9). In 
addition, Figure 7-14 clearly illustrates a highly-localized Chromia film which 
continuously runs along the scale/substrate interface with a thickness of 100nm after 5mins 
lubrication test. The formation of Cr oxides interlayer (and possibly FeCr2O3 spinel) has 
been known for inhibiting further oxidation. The compact layer renders a low atomic 
diffusion rate which obstructs the outward migration of Fe ions. However, a prolonged 
sliding imposes the disintegration of Chromia layer as evidenced in Figure 7-14b where Cr 
signal is found scattering across the scale/base metal interface. The delocalization of 
Chromia is believed to free outward diffusion of Fe ions which occur along the grain 
boundary [7] and this could result in an increased oxidation (Fig. 10). Migrating Fe ions 
appeares to react with the existing Hematite to form Magnetite due to limited O activity on 
the interface (Figure 7-13). The resulting internal reduction of Hematite is evidenced by a 
rising proportion of Magnetite (Figure 7-9) with an apparent morphology evolution of the 
oxide nanoparticles (Figure 7-10). The reaction route is proposed as Fe (migrating) + 
Fe2O3 → Fe3O4 which is greatly facilitated by a consistent lubrication effect and 
continuous tribological exposure on the HSS pin. However, as diffusion of atmospheric O 
into molten glass is well-acknowledged [185], one could not rule out its potential reaction 
with Fe ions which can thicken oxide scale over testing time despite the fully-formed 
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lubricant film. As the load-bearing capacity of sodium borate has been demonstrated in 
Chapter 6 (10-30N), it is likely that the lubricant can retain its anti-sticking characteristic 
over that range. 
The current work used pin-on-disc platform to simulate the sticking occurrence 
between steel surfaces at high temperature and evaluate the influence of lubrication on 
such event. In real metal working processes where the fresh workpiece is continuously fed 
into the contact with the tool surface, the extent of sticking depends on many variables 
(temperature of steel piece, relative speed, steel grade…) and might be different from what 
observed in laboratory-scale testing. Thus, it is of necessity to justify the effectiveness of 
the concerning lubricant in actual working condition. 
 Conclusions 
The current chapter aims to evaluate the effect of lubrication on wear behavior of High 
Speed Steel in contact with SS316 under high-temperature sliding condition. Several 
conclusions can be made as followed: 
 HSS surface suffers negligible adhesive/transferred wear under borate lubrication 
contrary to the unlubricated case.  
 The anti-sticking behavior is closely governed by the tribofilm formation on the 
immediate sliding. 
  Adsorption of alkaline element (herein Na) on oxide surface has proved to be not 
only the foundation for effective lubrication but also the driving force to inhibit material 
transfer between pairing surfaces 
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 Prolonged exposure leads to phase transformation of iron oxides in which 
Hematite was transformed into Magnetite.  
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CHAPTER 8: 
Tribological behaviors of sodium borate  
in rolling contacts  
Surface characteristics of the workpiece change rapidly when passing from one mill to 
another due to differential rolling variables. To ensure a high surface quality of the rolled 
workpiece is one of primary priorities while consideration of the surface profile on the 
work roll is also equally important. However, the latter has not been often critically 
examined due to certain inconveniences, e.g. excessive physical dimension of the roll. 
Therefore, to have the capacity to evaluate both participating surfaces in the laboratory 
scale will provide significant benefit from the practical viewpoint. As the tribological 
behaviors of sodium borate have been extensively examined on sliding interfaces in 
previous chapters, the current chapter aims to determine its lubrication performance on 
rolling contacts with high pressure. A laboratory rolling platform was used to investigate 
surface-related occurrences of the rolling processes at high temperature. In addition, the 
effect of oxidation on the roll performance was also considered. It is noteworthy that the 
current testing configuration is not able to simulate the real hot rolling process. However, 
by setting loading amplitude close to actual processing parameter, complex interactions 
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 Experimental details 
 Material preparation 
The present chapter employs High Speed Steel (HSS) as the work roll specimen. HSS 
roll specimens were cut from of an industrial roll into cylinder of 8.60mmxØ8.60mm with 
a ground surface (initial roughness of 0.2 µm, Table 8-4). X-ray diffraction pattern (Figure 
8-1) of the starting HSS shows coexistence of metallic matrix and metal carbides. 
Microscopic image of a polished HSS (Figure 8-1) confirms the presence of two discrete 
phases with apparent morphology contrast. The chemical makeup of HSS is given in Table 
8-1. The hardness and Young modulus of metallic matrix are 9.45±0.81GPa and 
207±6.37GPa, while the corresponding figures of metal carbides are 24.41±4.43GPa and 
275±12.53GPa. It is noted that this HSS material has slightly different chemical 
composition compared to that used in Chapter 6&7. 
C Si V Cr Mo W Ni Mn Fe 
2.0 0.94 5.61 4.69 5.83 3.97 0.87 0.95 Remainder 
Table 8-1: Chemical composition of HSS (weight %) 
Mild carbon steel (~0.3%C) was selected as the workpiece specimen with an initial 
roughness of ~1µm. The hardness and Young modulus of the material is 4.55±0.48GPa 
and 200±13.18GPa, respectively. The specimen shape and dimension are schematically 
depicted in Figure 8-2b with an effective length of rolling contact being 5mm. Prior to 
each test, both steel pairs were thoroughly cleaned by ethanol/acetone to remove 
contaminant. An aqueous solution of 5% wt. of sodium borate was prepared for lubricated 
rolling test 
  
 CHAPTER 8: 
 






 Tribological test 
Tribology test was conducted on the Bruker UMT3 high-temperature reciprocating 
module whose simplified schematic is given in Figure 8-2c. During the test, the HSS 
specimen was pressed against a lower specimen in a force-controlled mode and freely rolls 
as the lower specimen proceeds back-and-forth motion. The maximum contact pressure P 
Figure 8-2: Simplified schematic of a) upper roll assembly, 
b) lower specimen and c) high temperature testing apparatus 
Figure 8-1: a) XRD pattern of starting HSS and b) its microstructure 
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is calculated from the following Hertzian equation. For the sake of simplicity, Young 
modulus of the metallic matrix is chosen for the upper body because of its dominance in 





(Eq.  8 − 1)         

















(Eq. 8 − 2) 
   
v1,2: Poisson ratio of each component 
(0.3) 
E1,2: Young modulus of each 
component 
F: applied force (N)    
L: length of contact (mm) 
Testing temperature was chosen from 550oC to maximum 700oC. The normal load was 
selected in the range of 50-150N corresponding to maximum contact pressure of 300-540 
MPa which matches the rolling pressure in practice [174]. The traverse distance was set at 
10mm with a frequency of 0.8Hz. These testing conditions were designed with careful 
consideration regarding operational limit of the ceramic bearings in the supporting rolls 
(Figure 8-2a). As the traverse length is less than half of the roll circumference, there is no 
material exchange (most likely oxide scale) between the supporting rolls and the specimen 
roll which could alter the roll contact surface after each cycle. The lower specimen was 
loaded into the furnace and heated to set temperature in 30minutes followed by 10 minutes 
of stabilization. In case of lubrication test, the lubricant solution was fed onto the testing 
area 2 minutes prior to the rolling with a flow velocity of 0.01ml/min. Next, the upper roll 
assembly was commanded to descend and press against the lower specimen, the normal 
load increased to a pre-determined point then the rolling subsequently proceeded in full 5 
cycles. After the test finishes, both upper assembly and lower specimens were immediately 
retrieved out of the furnace and cooled in air to avoid further oxidation.  
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Since there is little slip and the rolling friction is generally very low, the determination 
of friction coefficient requires an extra care. In the current study, the 2-dimensional load 
cell used to detect the normal and lateral force has a minimum force resolution of 10mN. 
Contrary to tribotest in which relative movement is kept unchanged over the whole testing 
course (e.g. rotary pin-on-disc), the reciprocating direction reverses at the end of each 
stroke which normally involves increased uncertainty in lateral force. Herein, only 80% 
data in the middle of a single stroke is considered in the calculation of average rolling 
friction coefficient. Detailed description on friction coefficient acquisition can be found in 
supplemental information (Figure A-13) 
 Characterization 
The characterization route is similar to what described in previous chapters. Viscosity 
measurement of sodium borate was carried out by a high temperature Rheometer (Physica 
MCR 301 Anton Paar). Firstly, the lubricant powders were dehydrated at 500oC. Then pre-
melting was performed in a Mo-crucible at 1000oC with a holding time of half an hour. 
The molten material was then cooled at a rate of 10K/min. 
The Bruker Contour GK-T 3D was used to examine the rolled surfaces and generate 
geometrical parameters. It is noted that the surface parameters are reported from an area 
perspective rather than a line profile perspective. There are 4 principle magnitude 
parameters being monitored including Sa, Sq, Skw, and Sku. Sa is the arithmetical mean 
height which could be considered as the extension of average roughness Ra to a surface. Sq 
is the root mean square length of the scale limited surface. Ssk (Skewness) reflects the 
symmetry of topography height distribution while Sku (Kurtosis) is an indication of height 
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profile sharpness. At least 5 separate measures were made on each specimen and the 
average values are reported.  
 Results 
 Effects of temperature and load on rolling characteristics at 550oC-650oC 
To understand the effects of rolling parameters on surface characteristics of both steel 
components, tribology tests were conducted over a wide range of conditions. Temperature 
was selected at 550oC, 600oC and 650oC while normal load varied from 50N to maximum 
150N at each testing temperature. It is noted that a new HSS roll is used in each 
experimental subset. Figure 8-3 illustrates optical micrographs of mild steel surface after 
rolling test. While the non-rolling surface remains unchanged regardless of testing 
temperature, rolled area morphology displays dramatic changes across different 
temperature and loading condition. In contrast to dense parallel groves outside of the 
rolling area which is likely caused by machining, the rolled surface exhibits severe 
ploughing evidenced by deep scratches when the load is above 50N. Particularly at the 
highest load (150N), oxide delamination is observable at 550oC and 600oC while cracks 
were also visible at 650oC. Areal parameters of the concerning specimens are given in 
Table 8-2 and Table 8-3. Outside rolling area, the surface roughness tends to increase with 
testing temperature (Table 8-2). In addition, it becomes increasingly rougher after rolling 
irrespective of temperature and loading amplitude (Table 8-3). The rolled surface appears 
to be skewed opposite to the original state by a combination of higher load and higher 
temperature. The change in Skw also indicates increasing proportion of protruding spikes 
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on the rolled surfaces. In addition, the increase in Sku suggests a spikey characteristic of 










Figure 8-3: Optical microscope images of lower specimen surface after rolling test 
against fresh HSS roll (scale bar of 50 µm) 
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Regarding the HSS roll surface, its relevant surface parameters across different testing 
conditions are given in Table 8-4 and Table 8-5. Contrary to mild steel whose surface 
roughness demonstrated a great sensitivity towards temperature and load, HSS surface 
roughness overall exhibits little change for all testing conditions. In fact, it slightly 
increases at lower temperature range and yields a minor decrease when loading increases at 
650oC. While Sku appears as similar as the starting state, the rolled HSS surface seems to 
experience a certain extent of skewing as figures are shifting towards zero, particularly at 
high load regime. This could be attributed to the oxide scale transfer from the lower 
specimen. Fig 8-5 shows optical micrographs of HSS surface before and after rolling tests. 
Oxide scale transfer is apparent with smeared reddish patches on a different background of 
the virgin surface. The extent of material transfer intensifies as testing condition becomes 
 
Outside rolling area 
Sa(µm) Sq(µm) Ssk Sku 
550oC 0.99±0.05 1.27±0.05 -0.55±0.13 3.8±0.37 
600oC 1.10±0.05 1.4±0.07 -0.40±0.12 3.40±0.36 
650oC 1.26±0.04 1.57±0.05 -0.26±0.05 2.90±0.09 
Table 8-2: Variation of surface parameters from  
non-rolled area on lower specimen 
 
550oC 600oC 650oC 
 
550oC 600oC 650oC 
Sa(µm) Sq(µm) 
50N 1.10±0.02 1.39±0.05 1.1±0.06 50N 1.43±0.03 1.88±0.08 1.49±0.1 
100N 1.15±0.03 1.35±0.05 1.37±0.06 100N 1.47±0.05 1.78±0.09 1.8±0.1 
150N 1.25±0.02 1.51±0.04 1.26±0.07 150N 1.65±0.04 2.03±0.06 1.7±0.1 
Ssk Sku 
50N -0.36±0.23 -0.40±0.15 -0.44±0.24 50N 4.05±0.42 5.76±0.65 5.23±0.59 
100N -0.07±0.01 0.60±0.17 0.45±0.26 100N 4.00±0.94 6.56±2.09 5.33±0.96 
150N 1±0.1 0.83±0.12 0.91±0.07 150N 4.23±2.9 6.21±0.18 7.14±0.49 
Table 8-3: Variations of surface parameters from rolled area on 
lower specimen across different testing conditions  
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progressively harsher as evidenced by the increasing coverage of adhered oxide scale. The 
variation of rolling friction coefficient as a function of testing condition is shown in Figure 
8-4. The friction coefficient follows an upward trend with increasing load at any 
temperature, although the recorded figures are only in range of 0.01-0.025.  
Original surface 
Sa(µm) Sq(µm) Ssk Sku 
0.19±0.01 0.29±0.01 -0.71±0.01 8.12±0.14 
Table 8-4:  Surface parameters of pristine HSS 
 
550oC 600oC 650oC 
 
550oC 600oC 650oC 
Sa(µm) Sq(µm) 
50N 0.21±0.01 0.22±0.02 0.23±0.01 50N 0.31±0.01 0.33±0.03 0.31±0.01 
100N 0.25±0.01 0.23±0.01 0.19±0.01 100N 0.36±0.01 0.33±0.01 0.29±0.02 
150N 0.21±0.15 0.21±0.01 0.16±0.01 150N 0.32±0.02 0.32±0.01 0.25±0.01 
Ssk Sku 
50N -0.09±0.42 -0.16±0.12 0.20±0.024 50N 7.93±0.50 7.34±0.58 7.83±0.35 
100N -0.28±0.12 0.12±0.24 0.18±0.03 100N 6.47±0.91 8.29±2.59 7.37±0.30 
150N -0.17±0.09 -0.15±0.1 0.14±0.25 150N 7.38±0.53 7.51±0.79 9.04±1.28 
Table 8-5: Variations of surface parameters from HSS 






 Figure 8-4: Rolling friction coefficient as a 
function of temperature and load in case of fresh roll 
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 Effects of oxidized HSS on rolling characteristics 
In practice, work roll experiences a certain extent of oxidation during the warm/hot 
rolling process due to the heat transfer from the hot work piece. For instance, the 
maximum surface temperature of the work roll varies periodically in range of 550oC-650oC 
during the hot rolling of steel [174, 186]. Depending on the duration of exposure albeit for 
a very short time, this inevitably results in the formation of oxide scale on the contact 
surface with considerable changes in morphological nature and mechanical properties 
compared to the fresh surface. Several tests were carried out to determine the potential 
influences of oxidized roll surface on the rolling behaviors. The HSS roll specimens were 
pre-oxidized at 650oC in a muffle furnace with durations of 0.5 hr, 1 hr and 2 hrs. The 
Figure 8-5: Optical microscope images of HSS surface  
a) before and b) after rolling test (scale bar of 10µm) 
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testing temperature was kept at 650oC with varying normal force (50-150N). Figure 8-6 
illustrates surface morphology of oxidized rolls after different oxidation times and the 
corresponding X-ray diffraction patterns. After 0.5hr of oxidation, the HSS surface reveals 
island-like plateaus of protruding oxides which surround the lower matrix. Increased 
oxidation time causes rapid propagation of the island-like oxide patches. However, the 
fully-oxidized HSS surface (2hrs) shows a nearly homogenous morphology in which the 
previous two surface entities are no longer can be distinguishable. The island-like patches 
are likely associated with V-based oxides while the slowly-oxidized area is enriched by Cr 
which can be justified in complementary EDS mapping (Figure A-14, Figure A-15 and 
Figure A-16). Such non-uniform growing characteristics of oxide scale can be attributed to 
differential oxidation kinetics of metallic matrix and metal carbide on HSS which have 
been reported previously [150, 177, 178]. XRD patterns suggests the formation of iron 
oxides with Fe2O3 being the most dominating type as the oxidation progresses (Figure 8-
6d). Geometrical parameters of pre-oxidized HSS surface at varying duration are given in 
Table 8-6. Compared to the virgin counterpart, the surface roughness increases rapidly 
with oxidation duration as the oxidized surface is twice as rough as the starting surface 
after 2hr of oxidation. In addition, the increase in Ssk and decrease in Sku are mainly 
associated with the formation of protruding oxides which are illustrated in Figure 8-6. 
 It is clear that the oxidation results in dramatic morphology changes on the roll surface. 
After rolling test at 650oC, the roughness of the rolled area does not show any recognizable 
changes compared to that observed prior to rolling (Table 8-7). On the other hand, 
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Table 8-8 illustrates the geometrical changes on the lower specimen rolled against 
oxidized HSS. Compared to out-of-roll area (Table 8-2), surface roughness increases after 
rolling regardless of testing condition. Furthermore, rolled surface is skewed heavily in 
case of mildly oxidized HSS, even though the value is edging towards zero at high load 
range. For the fully-oxidized roll, Ssk shows a reverse tendency as it is close to zero in 
moderate load but jumps significantly when subject to 150N. Regarding Sku, it exhibits 
overall increases in most tests compared to the non-rolling area. The changes in surface 
parameters are indicative of increasing formation of spikes due to repetitive rolling 
Figure 8-6: SEM micrographs of oxidized HSS surface with different oxidation 
duration, a) 0.5 hr, b) 1hr, c) 2hrs and d) their corresponding XRD patterns 
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contacts. Rolled surface morphologies of the lower specimens are given in Figure 8-7. 
Quite similarly to what observed in case of fresh roll, ploughing- and scratching-related 
damages remain the most predominant. The damage severity appears to be amplified by 
increased load and longer oxidation time of the roll surface. 
 
 
Outside rolling area 
Sa Sq Ssk Sku 
0.5hr 0.29±0.01 0.40±0.02 0.32±0.09 5.56±0.64 
1hr 0.35±0.03 0.47±0.03 0.45±0.14 5.36±0.79 
2hrs 0.43±0.03 0.56±0.04 0.24±0.07 4.29±0.53 






0.5hr 1hr 2hrs 
 
0.5hr 1hr 2hrs 
Sa Sq 
50N 1.48±0.06 1.25±0.06 1.19±0.02 50N 1.92±0.01 1.58±0.09 1.51±0.05 
100N 1.48±0.01 1.50±0.03 1.50±0.05 100N 1.93±0.03 1.93±0.06 1.89±0.07 
150N 1.27±0.02 1.13±0.05 1.45±0.04 150N 1.63±0.03 1.43±0.04 1.85±0.05 
Ssk Sku 
50N 0.61±0.12 -0.21±0.09 0.08±0.18 50N 4.9±0.48 3.45±0.18 4.12±0.62 
100N 0.66±0.06 0.10±0.07 0.06±0.15 100N 4.9±0.51 4.14±0.67 4.08±0.07 
150N 0.20±0.26 0.06±0.06 0.32±0.08 150N 4.10±0.39 4.5±0.26 4.1±0.28 
Table 8-8: Variations of surface parameters from mild steel surface  
after rolling against oxidized HSS at 650oC 
 
0.5hr 1hr 2hrs 
 
0.5hr 1hr 2hrs 
Sa(µm) Sq(µm) 
50N 0.29±0.01 0.36±0.02 0.36±0.01 50N 0.39±0.02 0.48±0.03 0.47±0.02 
100N 0.30±0.02 0.35±0.01 0.37±0.02 100N 0.42±0.03 0.46±0.01 0.49±0.03 
150N 0.31±0.03 0.30±0.01 0.38±0.02 150N 0.42±0.03 0.41±0.02 0.51±0.02 
Ssk Sku 
50N 0.27±0.06 0.33±0.07 0.23±0.07 50N 4.81±0.20 4.29±0.19 3.9±0.13 
100N 0.50±0.14 0.22±0.03 0.37±0.07 100N 4.81±0.01 4.07±0.14 5.16±1.41 
150N 0.26±0.03 0.39±0.07 0.12±0.05 150N 4.80±0.58 4.30±0.20 4.96±1.06 
Table 8-7: Variations of surface parameters on oxidized HSS after testing at 650oC 
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Rolling friction coefficients of the subset experiments are shown in Figure 8-8. 
Although the test involves mildest oxidized roll (0.5hr) shows relatively similar COF as 
what seen in case of fresh roll, overall the friction coefficient is higher in comparison to the 
tests using fresh rolls. In fact, it exhibits a dramatic rise with the prolonged oxidation of the 
roll and loading amplitude. The maximum value of COF is recorded at 0.045, nearly as 
twice as the highest figure at the same testing condition using fresh roll.  
Figure 8-7: Optical images of lower specimen surface after rolling test  
against oxidized roll (scale bar of 50 µm) 
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 Rolling under lubrication  
Lubrication tests were performed at the temperature range of 600oC-700oC with a fixed 
load of 150N (~540MPa). The surface condition of the work roll is also taken into 
consideration by comparing fresh roll and oxidized roll (oxidation duration of 2hrs at 
650oC). In addition, dry rolling tests were also carried out for direct comparison. Figure 8-
9 illustrates rolling friction coefficient under dry and lubricated tests. Aligning with what 
seen previously, the fresh roll surface generates lower friction coefficient compared to 
fully-oxidized surface, except at 700oC in which there is no sizable difference between the 
two. Surprisingly, the introduction of lubrication yields higher friction coefficient 
compared to dry rolling irrespective of roll surface condition. At 600oC (lubricant melts at 
525oC), fresh HSS/mild steel pair yields a COF of roughly 0.06 while using oxidized roll 
doubles the figure (~0.12). As the testing temperature rises further, lubricant viscosity 
Figure 8-8: Rolling friction coefficient as a function of  
temperature and load using oxidized roll 
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rapidly declines and the resulting COF follows a decreasing trend in both cases although 






Figure 8-10 shows optical images of fresh HSS roll surface after dry and lubricated test 
(with 150N). Again, dry rolling results in a considerable amount of adhered oxide scale on 
the roll surface and the transferred layer looks thicker as temperature rises. On the other 
hand, the introduction of lubricant completely inhibits the oxide pickup as evidenced at 
600oC and 650oC. Specimen at 700oC also does not show any sign of transferred oxide, 
although the lubricant appears to stick on the HSS surface after test. Experiments using 
oxidized HSS see relatively similar behaviors when the lubricant adherence only occurs at 
700oC. Figure 8-11 illustrates the morphology of adhered lubricant on the HSS roll (which 
occurred at 700oC) with its characteristic chemical fingerprint. The viscous lubricant melt 
was likely stretched out by a shearing force which produces such feather-like appearance 
upon solidifying. SEM micrographs of rolled mild steel surfaces under different lubrication 
conditions are illustrated in Figure 8-12. Without lubrication, the rolled surfaces are 
Figure 8-9: Rolling friction under a) dry and b) lubrication condition 
 with respect to lubricant viscosity 
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commonly characterized by parallel grooves and scratches which is quite similar to what 
observed previously (Figure 8-3 and Figure 8-7). Under lubrication, rolled surfaces show a 
stark contrast since the lubricant was able to remain on the rolled area after 5-cycles of 
rolling. The platelets lying on the rolled surfaces can be assigned to recrystallized borate 
upon cooling (similar to Chapter 4). This is also justified by the apparent changes in 
friction coefficient in the presence of lubricant (Figure 8-9). A detailed characterization in 












Figure 8-10: Optical images of HSS surface after test  
(scale bar of 10µm) 
Figure 8-11: SEM micrograph of transferred lubricant (a) and  
the corresponding X-ray spectrum (b) 
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 Pickling of rolled surfaces 
The rolled surfaces under different lubrication conditions are subjected to pickling for 
scale removal. HCL (10% volume in distilled water) is chosen as pickling liquor. The 
rolled specimens were immersed into a becker of pickling liquor for 4 minutes at 28oC and 
then washed rigorously 3 times by water and ethanol, respectively. The resulting surface 
parameters of pickled surfaces are reported in Figure 8-13. It is shown that lubricated 
rolled surfaces have a lower average roughness than unlubricated counterparts after 
pickling, particularly at high temperature range. Also, Ssk appears shifting towards zero at 
high temperature end although unlubricated surface has a larger deviation. Lastly, Skur is 
significantly lower when the lower specimen is rolled in the presence of lubricant. The 
changes in surface parameters suggest that exposure to borate lubrication results in a 
Figure 8-12: SEM micrographs of lower specimen surface after a) dry tests 
and b) lubrication tests (double-arrowed line indicates moving direction) 
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smoother, less spikey surface after pickling. 3D surface plots of pickled surfaces are given 















Figure 8-13: Areal surface parameters of lower specimen after pickling 
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It has been demonstrated that the temperature of the work piece and loading amplitude 
collectively govern the oxide transfer occurrence on the roll surface. Increase in 
temperature leads to the formation of a thicker oxide scale as the specimen is heated in air 
atmosphere [7]. In fact the oxide scale thickness is roughly 2µm, 2.8µm and 3.8µm at 
600oC, 650oC and 700oC, respectively after the non-isothermal heating stage. This in turn 
amplifies the probability of scale sticking as evidenced by microscopy examination (Figure 
8-4 and Figure 8-10). Moreover, higher loading magnitude can create a local spalling or 
even delamination of the grown scale (Figure 8-3) which consequently yields more intense 
material transfer. The continuous removal of oxide in combination with the mentioned 
Figure 8-14: 3D images of rolled surfaces after a) dry rolling and 
b) lubricated rolling (top-to-bottom order: 600oC, 650oC, 700oC) 
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surface damages due to repetitive rolling contact increase the surface roughness and 
intensify the spikiness of the rolled surface regardless of roll surface condition (Table 8-3 







Ma et al. [187] conducted roller-on-roller experiments (between two mating steel 
surfaces) and revealed a close relationship between slip ratio and friction coefficient 
(Figure 8-15). By using extrapolation, there was little slip during the present rolling test 
(the slip ratio is less than 0.04% when friction coefficient is 0.044). In this work, the low 
slip ratio is the origin of low friction coefficient despite the heavy rolling load.  
The surface condition of HSS roll plays a crucial role in friction behaviors of the rolling 
contact. While using pristine roll surface generates relatively low rolling COF which 
appears quite insensitive towards loading magnitude (Figure 8-5), oxidation of roll surface 
quickly escalates the friction coefficient (Figure 8-8). This could be attributed by the 
considerable changes in surface geometry induced by oxide scale growth upon high 
Figure 8-15: Rolling friction coefficient from roller-on-
roller experiments as a function of slip ratio [187] 
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temperature. It has been acknowledged that metal carbides and metallic matrix possess 
differential high-temperature oxidation kinetics as the former outgrows the latter due to 
favorable thermodynamics [177, 178]. This is justified by localized formation of oxides on 
carbide-based precipitates at the early stage of oxidation followed by the subsequent oxide 
growth on metallic matrix as oxidation progresses (Figure 8-6). As a result, this imposes 
surface roughening on HSS (Table 8-6) which consequently elevates the number of micro-
asperities collisions and rolling resistance [188, 189].  While mild oxidation leads to an 
insignificant rise in friction coefficient, the effect becomes more obvious in the case of 
heavily oxidized roll as shown in Figure 8-8. This is in a good agreement with the past 
study [190].  
It has been shown that the introduction of borate lubrication drastically change the 
rolling behaviors of the steel pair. The formation of the lubricating film was able to remain 
on the rolled area after test without being squeezed out as evidenced in Figure 8-12. This 
could be attributed to potential surface reaction between the lubricant melt and rolled 
surface which allows the lubricant to sustain such high contact pressure (>500MPa). The 
formation of the lubrication film can also be justified by the change in friction coefficient 
compared to the unlubricated tests (Figure 8-9b) regardless of the roll surface condition. 
This might arise from the adhesion between the lubricant film and the roll surface which 
potentially elevates the rolling resistance. Bulk properties of lubricant melt also play a 
crucial role on friction behaviors as lower viscosity induces lower friction. This partially 
reflects the hydrodynamic nature of the concerning lubrication system, although the 
inclusion of mixed or boundary lubrication is more likely. Previous chapters revealed 
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strong affinity between sodium borate melt and oxidized steel surfaces at elevated 
temperature. This could lead to a stronger lubricant adherence which consequently requires 
greater work to overcome the rolling resistance in the case of pre-oxidized HSS.  
Figure 8-17: Cross-sectional views of mild steel surface and the 
corresponding compositional phase analysis after lubrication test at 600oC, 150N 
Figure 8-16: Cross-sectional views of mild steel surface and the 
corresponding compositional phase analysis after lubrication test at 650oC, 150N 
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The use of borate lubricant evidently suppresses the material transfer which otherwise 
readily occurs during unlubricated tests (Figure 8-10). The oxide pickup has been known 
for its detrimental consequences in metal forming practice [27] . This positive effect is 
originated from the presence of lubricant film which can act as a physical boundary and 
minimize the chances of contact between the oxide scale and the work roll surface. Figure 
8-16, 8-17 and 8-18 illustrate cross-sectional views of rolled area exposed to lubrication at 
different temperatures. There are 3 distinct layers in top-to-bottom order: lubricant layer, 
oxide scale and the steel substrate. The TEM lamellar specimen at 650oC partially sacked 
due to overmilling during FIB process (Figure 8-17), although the boundary between 
layers is still recognizable. It is clear that the oxide scales are fully contained by the 
lubricant film which effectively prevents them from approaching the work roll surface.  
Figure 8-18: Cross-sectional views of mild steel surface and the 
corresponding compositional phase analysis after lubrication test at 700oC, 150N 
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There appears a microstructural evolution of the oxide scale exposed to lubrication. At 
the lowest testing temperature (600oC), the oxide scale consists of an abundance of sub-
micron particles which are heavily scattered. Since the oxide scale is thin prior to contact 
(2µm), it is likely shattered upon heavy loading and the formation of subsequent oxide 
scale is a result of complex reaction between the lubricant melt, shattered oxide scale and 
possible the outward-diffusing Fe from the steel substrate. At higher testing temperatures 









XRD analysis on the rolled area substantiates the apparent effect of borate lubricant on 
the formation of iron oxide scale (Figure 8-20). As expected, the untreated rolled areas are 
composed of 3 types of iron oxides (FeO, Fe3O4, Fe2O3) with Hematite (Fe2O3) being the 
most predominant constituent. In addition, the formation of complex compound 
Figure 8-19: Magnified images of the oxide/steel substrate interface after 
lubricant test at a) 600oC, b) 650oC and c) 700oC (load of 150N) 
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FeO.FeBO3 is likely due to the reaction between the lubricant melt and the outward-
diffusing Fe ions. Besides that, the use of borate lubricant evidently transforms the iron 
oxide structure characterized by the rising dominance of Magnetite (Fe3O4). The 
microstructure evolution of iron oxide by lubrication favor the subsequent pickling process 
since Hematite is considered hard-to-remove oxide due to its sluggish dissolution in 






It is noteworthy that the current rolling configuration is not representative of the actual 
hot rolling process in which there is a reduction of rolled workpiece thickness coupled with 
considerable deformation and 2-5% slip. However, as the contact pressure can be set 
closely to real processing parameter (>0.5GPa), the above results can be used to 
understand the complex interface reactions, particularly in the presence of lubricant. 
 
 
Figure 8-20: XRD patterns of rolled surfaces under  
a) lubrication and b) dry condition 
  
 CHAPTER 8: 
 
  Page | 161 
 
 Conclusions 
In this study, a large volume tribology tests is conducted to study the surface 
interactions in rolling contacts over a wide range of conditions. There are some 
conclusions that can be found as followed: 
 Oxide scale transfer occurs readily on the HSS surface under dry conditions and 
the extent grows with temperature and loading amplitude 
 Pre-oxidation of HSS elevates the rolling friction coefficient compared to the case 
where fresh rolls are used 
 The application of lubricant drastically hinders the material transfer on the HSS 
roll surface which is attributed to the formation of a lubricant film, although it raises the 
rolling friction coefficient 
 Compared to dry rolling, the use of lubricant also transforms oxide microstructure 
on the rolled surface in which Magnetite replaces Hematite to become the most 
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CHAPTER 9: 
Synthesis of potassium borate and  
its tribological behaviors above 800oC 
As shown in section 2.4, there is a fair amount of studies dedicated to the tribological 
behavior of sodium-based glass melt at high temperature. On the other hand, potassium-
based glass melts have not received a reasonable attention. This chapter describes a simple 
method to synthesize potassium borate as a potential lubricant at high temperature. The 
tribological behaviors of synthesized potassium borate are compared with sodium borate at 
temperature up to 900oC. Thorough characterization was performed to understand the 
molecular structure, thermal behavior and lubrication mechanism of synthesized material.   
 Material preparation 
 Synthesis of potassium borate  
Potassium borate was synthesized by the condensation reaction between potassium 
hydroxide (KOH) and boric acid (H3BO3) in water. A 2.5g of KOH pellets was added into 
a 250ml of distilled water at 80oC. Next, a 5.8g of H3BO3 in powder form was introduced 
into the KOH aqueous solution while the temperature was kept unchanged. The solution 
was vigorously stirred at roughly 300rpm for 8 hours. After that, temperature was 
increased to 200oC to allow water vaporization and condensation. The product was 
retrieved in the white powder form with the nominal composition of K2O.2B2O3. The 
condensation reaction is given as followed: 
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KOH + H3BO3 + H2O 
80oC
→  K2O. 2B2O3(a)
200oC
→   K2O. 2B2O3(s) 
In hot friction test, High Speed Steel was chosen as the pin and Stainless Steel 316 
(SS316) was selected as the disc material. The mechanical properties and chemical 
composition of the steel tribopair can be found in section 6.1.2. The disc surface was 
ground and polished to achieve an average roughness of 0.1µm. The steel pair was cleaned 
with ethanol/acetone prior to friction test. A 5% wt. aqueous solution of potassium borate 
was prepared for lubrication test.  
 Friction test 
High-temperature friction test was performed on the UMT2-CETR ball-on-disc 
tribometer. The SS316 disc was first installed into the furnace chamber followed by 
sequential heating to set temperature (850oC and 900oC). Once the furnace temperature 
reached the set point, the upper stage carrying HSS pin was automated to descend to a 
distance of 3mm away from the disc surface. The pre-oxidation of HSS pin lasted for 5 
minutes. Lubricant solution was dropped onto the heated disc at 2 minutes before contact 
engagement with a rate of 0.01ml/s. Sliding velocity was kept constant at 0.1m/s while the 
testing duration was fixed at 3 minutes with a fixed load of 10N. When the friction test 
finishes, the tribopairs were retrieved immediately and cooled in the air to prevent further 
oxidation. 
 Characterization 
The 3D Interferometer Optical Microscope (Bruker Contour GT-K) was used to 
generate wear track profiles on the disc. Morphologies of the worn surfaces were examined 
  
 CHAPTER 9: 
 
  Page | 164 
 
by the JOEL JSM-6490LV Scanning Electron Microscopy (SEM) equipped with Energy 
Dispersive Spectroscopy (EDS). Specimens for STEM work were prepared by the Dual 
Beam FEI Helios NanoLab G3 CX (FIB). The cross sections of the tribo-interfaces were 
observed by the aberration-corrected JOEL ARM 200F Scanning Transmission Electron 
Microscopy (STEM) at 200keV.  
 Results 
 Molecular structure and thermal behavior of synthesized potassium borate 
Figure 9-1 presents a series of analysis on the synthesized potassium borate. It shows 
that the as-received potassium borate has a relatively poor crystallinity, evidenced by weak 
diffraction peaks and peak broadening in the XRD pattern. The material is likely 
constructed by plural constituents that possess short-range order structure. Unlike sodium 
borate, the synthesized potassium borate does not hold much adsorbed water as indicated 
by the absence of the peak at 3500cm-1 in FTIR spectrum. The peak at 1336cm
-1 can be 
attributed to asymmetric stretching of B-O in trigonal BO3 while the out-of-plane bending 
of B-O in BO3 contribute to the peak of 708cm
-1 [102]. In addition, the peak located at 
1024cm-1 can be associated with terminal symmetric stretching of B-O while the peak at 
922cm-1 refers to the B-O ring stretching [193]. Compared to sodium borate (Figure 4-1), 
the synthesized potassium borate shows little trace of tetrahedral BO4 presence. It can be 
seen from the GTA/DSC curve (Figure 9-1), only 8% mass loss is observed which 
confirms the lack of absorbed water molecules in the potassium borate structure, the 
corresponding figure in the case of sodium borate is >40% (Figure 4-1). Moreover, the 
DSC curve shows three consecutive endothermic peaks at 660oC, 720oC and 800oC 
  
 CHAPTER 9: 
 
  Page | 165 
 
respectively which corresponds to different melting point. This strongly suggests the 












 Friction and wear behavior of K/Na borate  
Friction coefficient curves of the sliding HSS/SS316 pair under different lubrication 
modes are illustrated in Figure 9-2. In the absence of lubricant, friction behavior is 
characterized by an initial period of fluctuation followed by a stabilization stage at both 
850oC and 900oC. This is in line with what demonstrated in Chapter 7. However, a higher 
temperature enables a more rapid transition towards the friction stabilization as the 
running-in stage takes roughly 30 seconds at 900oC while it requires nearly 90 seconds to 
Figure 9-1: a) X-ray diffraction pattern, b) FTIR spectrum and 
GTA/DSC curve of synthesized potassium borate 
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approach the steady stage at 850oC. The friction coefficient stabilizes at 0.19 and 0.18 at 
850oC and 900oC, respectively. Alkaline borates lubrication clearly results in a much 
shorter running-in process regardless of the alkaline elements, although K borate produces 
a lower average friction coefficient than the Na counterpart, 0.14 versus 0.16 at 850oC at 
the same sliding speed and load. However, Na borate appears to fail at 900oC as the 
friction coefficient surges to 0.23. On the other hand, K borate retains its lubricity over the 
majority of sliding time with a steady friction coefficient of 0.13 despite a slight increase at 
the end of the test. Regarding the wear loss volume, the unlubricated contact leads to a 
higher material loss in comparison to the lubricated contact at both testing temperatures. At 
850oC, the unlubricated pair yields roughly 1.3mm3 of wear volume on the disc while 
borate lubrication reduces the figure by at least 6 times (0.2mm3) without any noticeable 
difference between the two alkaline elements. For the unlubricated case at 900oC, the wear 
rate drops on lubrication-free case compared to 850oC, although it is still higher than 
lubricated tests. In addition, there is a marked difference of wear resistance between the 
two alkaline borates, with K borate outperforming the Na counterpart.  The volume loss 
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 Worn area analysis under dry sliding 
Wear morphologies on the unlubricated steel pair at 850oC and 900oC are shown in 
Figure 9-3 and 9-4, respectively. Although the disc has a narrower wear track width at 
higher temperature, the worn morphologies are similar for both testing temperatures. It is 
predominantly characterized by ploughing, plastic deformation and adhesive wear. On the 
opposing surface, a fully-formed transferred layer is observed with a smooth contact 
surface and negligible damages. The more rapid transition in COF curve at the higher 
temperature (Figure 9-2) strongly suggests more rapid formation of a tribo-layer on the pin 
surface which leads to a reduced wear loss volume on the disc when the temperature 
reached 900oC.  
Figure 9-2: Friction coefficient curves at a) 850oC, b) 900oC and c) wear loss 
volume of SS316 disc in different lubrication conditions 
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 Worn area analysis under Na/K borate lubrication 
Under Na borate lubrication, worn surface morphologies and corresponding X-ray 
analysis are shown in Figure 9-5 and 9-6. At 850oC, there are signs of scoring and 
scratching on both sliding counterparts. This is quite different to what observed at lower 
Figure 9-3: Worn morphologies on a) the disc, b) magnified image 
on the disc and c) the pin without lubrication at 850oC 
Figure 9-4: Worn morphologies on a) the disc, b) magnified 
image on the disc and c) the pin without lubrication at 900oC 
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temperature (800oC) in section 6.2.1 where the worn surfaces are covered by the residual 
melt without any clear surface features. Analysis collected from the worn areas suggests 
the presence of lubricant melt elements (Na, O, B) and a minor peak of Fe. The 
characteristic glassy appearance of lubricant melt is no longer seen at 900oC, particularly 
on the disc surface. Instead, the worn surface is composed of solid-like particles as shown 
in the magnified image (Figure 9-6b). The corresponding EDS mapping (Figure 9-7) 
indicates that the solid-like particles are predominantly associated with oxides (Iron oxides 
and Chromium oxides). Although melt elements (Na & B) are still detected on the worn 
area, their intensities are significantly lower than what seen in lower temperature range. 
The changes in worn morphologies at 900oC could be closely associated with potential 













Figure 9-5: SEM micrographs of a) disc and b) pin after Na borate 
lubrication at 850oC and the corresponding X-ray analysis 
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Worn morphologies under K borate lubrication are given in Figure 9-8 and 9-9. At 
850oC, the worn disc is covered by patchy films with occasional disruption across the track 
width. When the testing temperature reach 900oC, there emerges slight scoring features on 
both sliding surfaces (Figure 9-9). Despite that, the signature glassy appearances of 
lubricant melt is preserved up to 900oC backed up by strong signals from lubricant 






Figure 9-6: Worn morphologies of a) disc, b) magnified 
image of a, c) pin and the corresponding X-ray analysis after 
Na borate lubrication at 900oC 
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Figure 9-8: SEM micrographs of a) disc and b) pin after K borate 
lubrication at 850oC and the corresponding X-ray analysis 
Figure 9-7: EDS mapping of SS316 surface lubricated by Na borate 
lubrication with solid-like particles 
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In order to understand the lubrication mechanism of the synthesized K borate at 900oC, 
cross-sectional observation in combination with chemical analysis is given in Figure 9-10. 
From the STEM image, the upper transparent layer can be ascertained to the lubricant melt 
while the darker phase is assigned to oxide scale. The complementary phase compositional 
analysis (X-ray spectrum) clearly confirms the lubricant/oxide interface. Individual 
element mapping illustrates K enrichment on the immediate oxide interface. The behavior 
is identical to what observed in the case of Na borate lubrication. However, K does appear 
to infiltrate into the subsurface region, but in a limited manner and not as much an extent 
as with Na at lower temperature (Figure 6-17). The element is mostly confined above the 
oxide scale surface as shown in Figure 9-11.  
Figure 9-9: SEM micrographs of a) disc and b) pin after K borate 
lubrication at 900oC and the corresponding X-ray analysis 
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It is expected that melting point of alkaline borate plays a crucial role in its working 
temperature range. For instance, having a transition point of 525oC, sodium borate 
evidently functions well in the range of 600-850oC which has been demonstrated 
throughout this study. The synthesized potassium borate has a multiple melting point due 
to its compositional inhomogeneity with the final melting point at 800oC. Thus, it can 
potentially retain its lubrication performance from 800oC upwards which was justified by 
the test at 900oC (Figure 9-2). Both Na and K borate share a considerable similarity in their 
working principle as their strong absorption tendency on the oxide scale surface is 
repeatedly proved critical for desirable friction/wear behaviors. However, since the K atom 
radius is larger than that of Na (~1.86Å/1.52Å), this could have a certain impact on the 
Figure 9-10: a) STEM-BF image of melt/oxide interface after K borate 
lubrication and b) phase composition, c) elemental mapping (at 900oC) 
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atom mobility upon interaction with the oxide scale. The charge-to-radius ratio of K is 
smaller than that of Na which can make the former element less mobile and less reactive 
towards the oxide surface. This is partly demonstrated by the lack of K borate infiltration 
towards the subsurface as shown in Figure 9-10, although the oxide scale stills show signs 
of cavities. It is expected that the lack of lubricant infiltration can result in poor load-
bearing capacity. In contrast, the Na borate lubrication with good mobility results in a 
significant lubricant penetration into the subsurface associated with the formation of 






Although the reactivity of alkaline elements is of paramount importance in the 
lubrication mechanism of alkaline borate, the role of viscosity should not be diminished. It 
provides the lubricant with the fluidity to move and remain on the contact surface. The low 
shearing stress of a fluid medium is mainly accountable for such low friction coefficient on 
the lubricated sliding surfaces. The lubrication failure of Na borate at 900oC is likely 
associated with its low viscosity at this temperature range. Figure 9-12 plots the 
Figure 9-11: An STEM image of the immediate sliding surface with 
elemental mapping 
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dependence of friction coefficient on the viscosity of Na borate on the sliding HSS/SS316 
pair. This follows well with the Stribeck principle and also confirms the mixed lubrication 
regime in the tribotest. The viscosity of K borate is not available, although the material 
exhibited a consistently low friction coefficient over the tested temperature (700-900oC) 
(Figure 9-12b). The lubrication failure of Na borate at 900oC also results in poor oxidation 
resistance on the sliding surface, as shown by the oxide scale thickness after lubrication 
tests in Figure 9-13. While both alkaline borates are similarly effective at 850oC, K borate 
lubrication yields slightly better anti-oxidation performance at 900oC. The anti-oxidation 
capacity of borate lubricants on SS316 is not as significant as what shown in Chapter 5 






The popularity of Na in complex glass lubricant composition is evident in Table 2-1 
(Chapter 2). This could be mainly attributed to its abundant availability, high reactivity and 
high efficiency in adjusting the viscosity of the lubricant melt. Combined with previous 
chapters, it is highly credible to determine a universal working mechanism of alkaline 
Figure 9-12: Variation of friction coefficient from HSS/SS316 lubricated 
(10N, 0.1m/s) by a) Na borate and b) K borate with temperature  
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borates lubricant at high temperature. They can be also used to plot the prediction on the 








Potassium borate was successfully synthesized and its tribological behaviors are 
evaluated up to maximum 900oC. There are some concluding remarks from this chapter as 
listed below. 
 Synthesized potassium borate works effectively up to 900oC, reduces friction 
coefficient and wear loss volume; 
 Effective working temperature range of alkaline borate lubricant is determined by 
its melting point. K borate does not show significant penetration to the underlying oxide 
scale bulk; 
 Sodium borate loses its performance when the testing temperature reaches 900oC 
which is mainly due to lack of viscosity. 
Figure 9-13: Oxide scale thickness on SS316 disc after 
lubrication tests at different temperatures 
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CHAPTER 10: 
General conclusions and recommendations  
for future work 
The current dissertation thoroughly studied tribological properties of alkaline borates at 
elevated temperatures. By conducting a large volume of experimental work and detailed 
analysis, the lubrication mechanism and other fundamentals aspects of borate lubrication 
have been revealed. The final chapter aims to highlight general conclusions and 
suggestions for further work. 
 Tribological performance of sodium borate at high temperature 
 During high temperature pin-on-disc testing on a steel tribopair (600oC-800oC), 
sodium borate demonstrated exceptional lubricating properties over its melting 
point which is reflected by a significant reduction in friction and wear loss 
volume in comparison to unlubricated test.  
 At 800oC, on the disc surface, a chemically hierarchical tribofilm is observed 
with a thickness of ~50-60nm. The tribofilm consists of 2 layers: the bottom 
layer is rich in Na with a thickness of ~20nm while B heavily concentrates in the 
upper part. The Na-rich film is believed to provide the necessary adhesion on 
oxidized steel surface while the self-adaptive polymerization of the upper part 
enhances the cohesive strength of the whole tribofilm.  
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 At 800oC, on the ball surface, a complex tribofilm comprising of Na, O, B, C 
and Fe is found lying on a layer of ultra-fine grains of iron oxides. With 
exceptional toughness and strength, the ultra-fine oxide grains provide concrete 
ongoing support for the tribofilm. There is a conversion from BO4 into BO3 
species in the tribofilm which is caused by the effect of shearing stress.  
 Thermally-activated and tribochemical reaction on borate-lubricated 
surfaces 
 A formation of thin Na film on iron oxide interface is observed regardless of the 
presence of external shearing stress. This implies that the absorption of Na is 
thermally-driven. During the static oxidation, beside interface reaction, borate 
melt causes the disintegration of the oxide scale bulk by penetrating through the 
grain boundary which eventually roughens the melt/oxide interface. 
 Tribological reactions result in the formation of tribofilm which is significantly 
depleted in Oxygen. This chemical feature enhances oxidation resistance by 
reducing the oxide growth considerably in comparison to static oxidation and 
untreated cases. It has been shown that shearing stress not only induces 
molecular structure changes in borate melt, but also the compositional change. 
 The role of Na in binary sodium borate lubrication and effect of oxide 
microstructure on adsorption behavior of Na 
 The binary system Na2O-B2O3 outperforms B2O3 in term of friction and wear 
reduction in pin-on-disc testing between High Speed Steel and Stainless Steel 
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316 surfaces. An addition of Na into pure B2O3 drastically improves the 
lubrication performance of the beneficiary. In addition, the binary system Na2O-
B2O3 also exhibits a good load-bearing capacity. 
 The adsorption of Na onto both contact surfaces is the driving force for the 
excellent lubrication performance of binary sodium borate. However, the role of 
B2O3 in the binary system should not be diminished as it provides the 
polymeric/viscous nature of the lubricant upon melting.  
 There is a close relationship between Na-adsorbed film thickness and the oxide 
microstructure. While it is ~20nm on an oxidized mild steel surface, it is 
estimated at 50~60nm on an oxidized alloyed steel (HSS and SS316). In 
addition, weakly-adhered oxide scale grown on mild steel did not support as an 
effective lubrication as the oxide scale grown on stainless steel.    
 Adhesive wear resistance of sodium borate on sliding HSS surface 
 Under borate lubrication, High Speed Steel surface experiences no adhesive 
wear damages in comparison to lubricant-free case. The anti-sticking behavior is 
closely governed by the tribofilm formation on the immediate sliding. 
Adsorption of Na element on oxide surface is the main driving force to inhibit 
material transfer. 
 The borate lubricant film alters significantly the oxidation characteristics of the 
underlying oxide scale on High Speed Steel. Extended exposure leads to 
Hematite-to-Magnetite conversion. 
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 Tribological behavior of sodium borate in rolling contact and surface 
interaction with iron oxide scale 
 Oxide scale transfer occurs readily on the HSS surface under dry conditions and 
the extent grows with temperature and loading amplitude. Pre-oxidation of HSS 
results in increase of rolling friction coefficient compared to the case where 
fresh rolls are used. 
 The application of lubricant drastically hinders the material transfer on the HSS 
roll surface which is attributed to the formation of a lubricant film. The exposure 
to borate lubrication under rolling changes the oxide composition significantly, 
with Magnetite replaces Hematite to become the most dominating type. This 
favorable transformation can facilitate the pickling process. 
 Synthesis of potassium borate and understanding of alkaline borate 
lubrication 
 Synthesized potassium borate lubricates effectively up to 900oC by reducing 
friction coefficient and wear loss volume on Stainless Steel surface. On the other 
hand, Sodium borate loses its performance when the testing temperature reaches 
900oC which is mainly due to low of viscosity  
 Potassium borate shares great similarity with sodium borate with respect to their 
lubrication mechanism at high temperature.  
 Recommendations for future work 
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 Although lubrication mechanism of sodium borate has already been revealed in 
great details in pin-on-disc testing and passivated rolling testing, further 
experimental work and analysis should be carried out on real hot rolling 
platform to justify the lubricant effectiveness.  
 By accomplishing a firm understanding about glass chemistry, it is feasible to 
proceed the synthesis of other binary borate system such as alkaline earth borate 
(Mg, Ca) as potential candidates for high-temperature lubrication. It is expected 
that this family of borate glasses has a higher working temperature range than 
alkaline borate. Mixtures of different kinds of borate-based glasses should also 
be considered. 
 The passivated rolling module has been successfully utilized. It can be modified 
further to represent actual hot rolling contact. However, there are a number of 
technical restraints that prevents wider range of testing condition. Efforts should 
be spent on finding better ceramic bearing material which can cope a with 
higher temperature and heavier load testing. In addition, slippage should be 
introduced to simulate realistically the rolling process 
 The chemical state at the lubricant/surface interface can be readily distorted if 
the samples are still exposed to high-temperature condition after the tribology 
tests finish. Thus, it is of paramount importance to isolate the processed samples 
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Figure A- 1: Temperature evolution of steel counterparts 
during stabilization stage and sliding stage. 
Figure A- 2: XRD pattern of wear debris collected from 



























Figure A- 3: SEM image of thin lamellar extracted from the 
ball scar after lubrication test 
Figure A- 4: SEM image of thin lamellar extracted from 






















Figure A- 5: SEM micrographs of the worn surfaces after dry sliding test at 
(a) 600oC, (b) 700oC and (c) 800oC (ball scars are on the left, wear tracks are on 
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Figure A- 6: X-ray powder diffraction of wear debris collected 
from dry sliding test at different temperatures. 
Figure A- 7: Worn morphologies and corresponding X-ray spectrum of lubricated 























Figure A- 8: Worn morphologies and corresponding X-ray spectrum of lubricated 
tribopairs at 700oC: a) ball, b) disc (scale bar is of 500 µm and 20µm) (30N, 0.1m/s) 
Figure A- 9: Worn morphologies and corresponding X-ray spectrum of lubricated 




























Figure A- 10: SEM image the EDS mapping of HSS pin 






















Figure A- 11: Worn surface morphologies and corresponding EDS spectrum of 
tribopair lubricated by Na2O-B2O3 at 20N a) pin, b) disc 
Figure A- 12: Worn surface morphologies and corresponding EDS spectrum of 











Only 80% in the middle of each stroke was taken into calculating the average rolling 
friction. Lateral force tends to rise at the end of a stroke which increases the uncertainty of 

































Figure A- 14: SEM micrographs of HSS surface being oxidized at 650oC for 0.5hr  






















Figure A- 15: SEM micrographs of HSS surface being oxidized at 650oC for 




















600 700 800 
Ball Disc Ball Disc Ball Disc 
Load 
(N) 
10 0.002093 0.00035 0.006067 0.000413 0.008533 0.00046333 
20 0.001218 0.000188 0.00345 0.00022 0.0058 0.00023667 
30 0.00091 0.000136 0.002611 0.000161 0.004822 0.00018111 
Table A- 1: Specific wear rates of steel tribopair under borate lubrication in Chapter 4 (the 
unit is 10-2.mm3/(N.m) and mm3/(N.m) for GCr15 ball and mild steel disc, respectively) 
 
Figure A- 16: SEM micrographs of HSS surface being oxidized at 
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600oC 700oC 800oC 
Ball Disc Ball Disc Ball Disc 
Lubricated 0.0091 0.001356 0.026111 0.001611 0.048222 0.00181111 
Unlubricated 0.0106 0.027778 0.053778 0.110722 0.077222 0.06171111 
Table A- 2: Specific wear rate of steel tribopairs under unlubricated and lubricated conditions 
in Chapter 4 (the unit is 10-2.mm3/(N.m) and mm3/(N.m) for GCr15 ball and mild steel disc, 
respectively) 
 
10N 20N 30N 40N 
Borax lubrication 0.00021 0.000117 0.000111 0.00025 
B2O3 lubrication 0.001133 
   Table A- 3: Specific wear rate of SS316 disc lubricated by sodium borate and B2O3 at 800
oC 
in Chapter 6 (the unit is mm3/(N.m)) 
 
850oC 900oC 
Unlubricated 0.007444 0.0055 
Lubricated by NaB 0.0013 0.003889 
Lubricated by KB 0.001267 0.002516 
Table A- 4: Specific wear rate of SS316 under different lubrication conditions in Chapter 9 
(the unit is mm3/(N.m)) 
 
 
